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Abstract 
A parametric analysis on 58 beam-column joint specimens has been conducted.  The analysis 
considered 14 fundamental parameters in the design of each specimen and two performance 
indicators: the horizontal shear strength ratio between the maximum measured strength and the 
theoretical strength at beam yield, and the nominal curvature ductility of the adjacent beams.  
Each parameter was varied by a power function, while the linear correlation coefficient between 
each parameter and performance indicator was recorded.  A combined multiple parameter 
analysis was then conducted to show the interaction of the design parameters and show the 
representative influences of each parameter based on the magnitude of the applied power 
functions. 
 
Two design equations were constructed from the most influential design parameters, one for each 
performance indicator.  The shear strength ratio was found to be governed by the horizontal joint 
shear stress, the column axial stress and the yield strength of the longitudinal beam reinforcement.  
The available curvature ductility of the adjacent beams was also found to be governed by the 
horizontal joint shear stress, the column axial stress and the yield strength of the longitudinal 
beam reinforcement, but also the quantity of the horizontal joint shear reinforcement. 
 
The influence of the column axial stress on both performance indicators was found to be best 
represented by a quadratic function.  This was because the column axial stress was found to be 
beneficial up to stress levels of 0.14𝑓𝑐
′, but axial stress levels exceeding 0.28𝑓𝑐
′ were found to be 
detrimental to the performance of the beam-column joint, compared to a joint with no axial stress 
on the columns.  The non-linear relationship of the column axial stress agreed with the design 
assumptions in NZS 3101 for low axial stress values, but at higher axial stress values NZS 3101 
assumes a continued performance increase as a result of increasing axial stress, which has been 
found to be un-conservative.  Additionally, an interaction between the column axial stress and 
the horizontal joint shear stress has been identified.  As a result, beam-column joints with high 
column axial stress levels above 0.40𝑓𝑐
′ and horizontal joint shear stress levels in the order of  
0.20𝑓𝑐
′ have been shown to fail in a brittle crushing of the concrete in the joint core.  Considering 
this behaviour, it is recommended that the column axial stress levels in earthquake designed 
beam-column joints should not exceed 0.35𝑓𝑐
′. 
 
The results of the parametric analysis were then compared against the current NZS 3101 design 
equations for conservatism.  It was found that a reduction in the horizontal joint shear 
reinforcement may be possible for beam-column joints incorporating Grade 300 steel in the 
longitudinal reinforcement of the beams and axial stress levels below 0.25𝑓𝑐
′, but when Grade 500 
xvi 
 
steel is used or the column axial stress is greater than 0.25𝑓𝑐
′, an increase in the joint shear 
reinforcement is required compared to NZS 3101.  The current NZS 3101 design requirement of 
at least 40% of the joint shear force, to be resisted by means of joint shear reinforcement, has 
been found to be appropriate. 
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Notation 
    = gross area of column section, mm
2
. 
     = required area of effective horizontal joint shear reinforcement, in the  
plane of loading, mm
2
. 
     = area of effective vertical joint shear reinforcement, mm
2
. 
    = area of tension reinforcement in beam, (bottom, during positive  
curvature loading), mm
2
. 
  
   = area of compression reinforcement in beam, (top, during positive  
curvature loading), mm
2
. 
  
   = greater area of the top or bottom beam reinforcement passing through  
a joint, mm
2
. 
       = effective area of horizontal shear reinforcement provided within a  
joint, mm
2
. 
      = total area of horizontal shear reinforcement provided within a joint,  
mm
2
. 
     = area of shear reinforcement in the beams provided, per stirrup set,  
mm
2
. 
    = effective joint width, mm. 
    = shear force transferred through bond to the strut mechanism, N. 
   = neutral axis length in compression of beam or column, mm. 
    = concrete compression force, N. 
    = load distribution factor to account for confining pressure from  
transverse beams adjoining a beam-column joint.  
    = compression force in beam or column longitudinal reinforcement, N. 
   = effective beam depth from the compression edge to the centroid of  
the tension reinforcement, under positive curvature loading, mm. 
    = effective beam depth from the compression edge to the centroid of the  
tension reinforcement, under negative curvature loading, mm. 
    = reinforcement bar diameter, mm. 
    = resultant shear force transferred across the diagonal of a joint by the  
strut mechanism, N. 
    = centre to centre depth between the innermost, upper beam 
reinforcement and the innermost, lower beam reinforcement passing 
through the joint, mm. 
 
xviii 
 
    = centre to centre depth between the innermost, upper beam  
reinforcement passing through the joint, to row x of the joint shear 
reinforcement, mm. 
  
   = compressive strength of concrete, MPa. 
     = Eurocode 8 [11], design compressive strength of concrete, MPa. 
      = Eurocode 8 [11], design tensile strength of concrete, MPa. 
    = effective maximum stress of the horizontal joint shear reinforcement,  
MPa. 
      = strength of the intermediate column reinforcement, N. 
    = strength of non-prestressed reinforcement after strain hardening, MPa. 
    = lower characteristic yield strength of non-prestressed reinforcement,  
MPa. 
     = lower characteristic yield strength of the horizontal joint shear  
reinforcement, MPa. 
       = lower characteristic yield strength of the column intermediate  
reinforcement, MPa. 
     = lower characteristic yield strength of the shear reinforcement in beams,  
MPa. 
     = lower characteristic yield strength of the vertical joint shear  
reinforcement, MPa. 
    = beam depth, mm. 
    = column depth, mm. 
  
   = column depth between outermost bars, mm. 
    = beam length between the points of contraflexure, mm. 
  
   =  beam length from column face to the point of contraflexure, mm. 
    = column length between the points of contraflexure, mm. 
  
   =  column length from the beam face to the point of contraflexure, mm. 
    = embedment length of reinforcement, mm. 
  
   = moment in the beam inducing positive curvature, Nm. 
  
   = moment in the beam inducing negative curvature, Nm. 
      = moment in the column, Nm. 
         = moment in the column when the beams are loaded to over-strength,  
Nm. 
         = moment in the column to cause first yield of the column bars, Nm. 
         = moment in the column at flexural capacity,         , Nm. 
xix 
 
     = extrapolated beam moment to the joint core, Nm. 
       = extrapolated column moment to the joint core, Nm. 
   = axial load on the column, N. 
    = vertical spacing of the joint stirrup reinforcement, mm. 
    = vertical spacing of the joint tie reinforcement, mm. 
    = horizontal spacing of the shear reinforcement in beams, mm. 
    = tension force in beam or column longitudinal reinforcement, N. 
   = bond stress between the concrete and reinforcement, MPa. 
    = average bond strength along the beam longitudinal reinforcement, over  
the full width of the joint (  ), MPa. 
    = average bond force along the beam longitudinal reinforcement, over  
the embedded length (   , N/m. 
      = local bond strength between the reinforcement and concrete, MPa. 
    = Eurocode 8 [11], normalized column axial stress, MPa. 
    = shear force in the beam, N. 
     = nominal horizontal shear force transferred by the strut mechanism, in  
the plane of loading, N. 
      = shear force in the column, assumed to be equal above and below joint,  
N. 
         = maximum measured shear force in the column, N. 
          = theoretical shear force in the column at first yield of the beam bars, N. 
     = nominal vertical shear force transferred by the strut mechanism, N. 
     = nominal horizontal shear force transferred across the joint, in the plane  
of loading, N. 
     = horizontal shear stress within the joint, in the plane of loading, MPa. 
   
   = design horizontal shear force transferred across the joint, in the plane  
of loading, N. 
     = AIJ [4], ultimate horizontal joint shear force, in the plane of  
loading, N. 
     = nominal vertical shear force transferred across the joint, N. 
    
   = design horizontal shear force transferred across the joint, in the plane  
of loading, allowing for over-strength, N. 
 
    
   = design horizontal shear stress within the joint, in the plane of  
loading, allowing for over-strength, MPa. 
xx 
 
    
   = design vertical shear force transferred across the joint, allowing for  
over-strength, N. 
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Chapter 1 Introduction 
1.1 Capacity Design 
Earthquake design of reinforced concrete structures has seen a significant improvement since 
the introduction of capacity design in the 1970s [53].  The premise behind capacity design is to 
allow predetermined elements of the lateral load resisting system, walls and/or moment 
resisting frames, to deform in-elastically to provide energy dissipation during severe 
earthquakes.  The regions of these elements, where inelastic deformation is expected are called 
potential plastic hinges.  In wall design, the inelastic deformation of the structure is typically 
assigned to the base of the walls, where the flexural reinforcement can yield to provide the 
required energy dissipation.  Applying this philosophy to reinforced concrete multi-storey 
structures, the preferred locations of the potential plastic hinges are at the ends of the beams 
and at the base of the structure, as shown in Figure 1.1.  This positioning of inelastic 
deformation zones results in a mechanism, known as the beam sidesway mechanism [51].  
Another possible mechanism, shown in Figure 1.1, is the column sway mechanism [51].  The 
beam sway mechanism is favoured over the column sway mechanism as it distributes the 
inelastic deformation over the whole structure; whereas the column sway mechanism 
distributes the inelastic deformation over just a few storeys, therefore, requiring significantly 
larger member ductility in the columns, over the beam sway mechanism.  Additionally the 
column sway mechanism induces significant P-delta effects, in which the weight of the 
structure induces an additional moment demand on the structure due to the deformation of the 
weak storeys.  It is difficult to design a structure to accommodate the large ductility demands 
required by the column sway mechanism and consequently, this mechanism can result in 
structural collapse. 
 
A combination of the two mechanisms is also possible, known as the mixed sidesway 
mechanism [51], in which a group of storeys are subjected to the majority of the inelastic 
deformation.  This can be caused by higher mode effects on the structure, in which the 
frequency of vibration from an earthquake may cause a localised number of storeys to 
experience amplified displacements.  Additionally, a localised reduction in the stiffness of the 
structure over several storeys may also cause this combined mechanism to occur.  The mixed 
sidesway mechanism induces a higher ductility demand on the columns than the beam sway 
mechanism, but less than the column sway mechanism. 
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Figure 1.1: Possible frame failure mechanisms 
 
In order for the beam sway mechanism to develop, all other potential failure modes must be 
prevented by adequately detailing the structural elements.  In multi-storey structures, the 
following are some examples of the steps required to ensure a beam sway mechanism is 
developed, in preference to other potential failure mechanisms, during a major earthquake: 
 
 Determining, through analysis, the strength of the potential plastic hinge regions for the 
beam sway mechanism and preventing other mechanisms from forming by designing 
all other regions of the structure with a higher strength capacity than the maximum 
likely demand from the beam sway mechanism. 
 Designing the columns against flexural/axial/shear failure, by ensuring the columns 
have a capacity higher than the largest possible moment/force that may be generated by 
the beams, including strain-hardening and material strength variations. 
 Designing both the columns and the beams against shear failure, which results in a 
more brittle failure than flexural failure.  To achieve this, the beams and columns must 
be reinforced with sufficient stirrups and ties for confinement, anti-buckling and shear 
strength. 
 Designing the beam-column joints to ensure premature shear failure is avoided.  This is 
typically achieved by limiting the joint shear stress and with a mixture of horizontal 
and vertical reinforcement, which confines and increases the shear strength of the joint. 
 
The research presented in this thesis focuses on the design of the beam-column joints.  The high 
shear stresses in these regions can, if inadequately designed, result in failure and structural 
collapse.  Conservative design of beam-column joints requires a significant amount of joint 
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reinforcement, which can lead to congested joints and construction complications.  The aim of 
this research is to determine if it is possible to improve the balance between joint strength and 
congestion. 
 
1.2 Beam-Column Joint Classifications 
Various types of beam-column joints exist, which are defined primarily by the number and 
orientation of the beams connecting to the joint.  This thesis focuses on 1-way interior beam-
column joints of moment resisting frames as shown in Figure 1.2, Figure 1.3 and Figure 1.4. 
 
 
Figure 1.2: Joint subassemblies in moment resisting frames 
 
 
Figure 1.3: Beam-column joint classifications 
4  
 
 
Figure 1.4: Interior 1-way beam-column joint subassembly geometry 
 
The lengths    and    in Figure 1.4 are respectively defined as the length of beam and column, 
between the mid span of the elements.  Throughout this thesis, these points are assumed to be 
the points of contraflexure of the structural elements.  In practice, where beam-column joints 
are part of a superstructure, the spans may be different on either side of the joint and the points 
of contraflexure may move as the elements degrade and loading combinations are applied.  
However, for the purpose of this thesis these points have been assumed to remain constant due 
to the testing nature of beam-column joint cruciform specimens. 
 
1.3 Development of Joint Design 
Reinforced concrete beam-column joints have been investigated extensively since the 1970s.  
The introduction of capacity design and the design philosophy of preventing failure of non-
ductile regions led to many researchers investigating the behaviour of beam-column joints 
during earthquakes.  In New Zealand, the current design model for beam-column joints was 
introduced by Park, Paulay and Priestley in 1974 [59].  This model is made up of two 
mechanisms, which resist the shear stresses introduced into beam-column joints.  The first 
mechanism utilises the joint concrete as a strut, while the second mechanism, utilises the 
vertical and horizontal shear reinforcement within the joint to form a truss.  How the shear 
force is distributed between the mechanisms and consequently, how much reinforcement would 
be required in the joint, depends on the assumed bond profile along the longitudinal beam bars 
passing through the joint.  These mechanisms are discussed in depth in Chapter 2. 
 
The 1982 design standard for reinforced concrete structures in New Zealand [45] was the first 
standard to use the mechanism of Park, Paulay and Priestley [59].  At this time, it was believed 
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that during an earthquake, the extensive shear stresses that joints were exposed to would 
degrade the joint concrete with tensile strains, to the point where the concrete strut mechanism 
could not be depended on.  This led to beam-column joints which were heavily congested with 
shear reinforcement as it was assumed that all of the shear force would be distributed to the 
truss mechanism after several inelastic cycles. 
 
Due to the extensive joint congestion, researchers considered different approaches in an attempt 
to reduce the reinforcement requirements of the joint.  One potential method was to create an 
elastic joint, in which the plastic deformations are re-located along the beams, away from the 
joint by increasing the longitudinal beam reinforcement within the joint zone [7].  Conventional 
design of beam-column joints positions the plastic hinge regions in the beams at the column 
face, as shown in Figure 1.5 a).  With strain hardening of the beam longitudinal bars likely 
during a severe earthquake, the stresses in the reinforcement are likely to exceed yield at the 
column face.  This can lead to degradation of the concrete-reinforcement bond and yielding of 
the joint shear reinforcement, both of which are undesirable.  By increasing the joint zone 
reinforcement, as shown in Figure 1.5 b), the plastic hinge region is moved along the beams 
away from the column face.  With the critical section shifted away from the joint, the likelihood 
of the longitudinal beam reinforcement yielding within the joint is reduced, decreasing the 
demand on the bond.  Additionally, the extra reinforcement increases the flexural strength of 
the beams at the column face, effectively creating a fuse in the beam away from the joint where 
energy dissipation can occur more efficiently. 
 
 
Figure 1.5: Joint crack pattern in conventional and re-located plastic hinge design 
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This re-located plastic hinge design ensures that the inelastic deformation is restricted to the 
beams, where energy dissipation is more efficient and more ductile.  With the joint zone strains 
reduced, the horizontal joint shear reinforcement can be reduced as yielding of the joint zone is 
not expected.  Additionally, the reduction in stress within the beam longitudinal reinforcement 
anchored through the joint provides a reduction in bond stress, ensuring a stiffer joint zone.  
However, this extra longitudinal beam reinforcement can be hard to implement in construction, 
often out weighing the improvements in reduced joint congestion. 
 
Fenwick and Irvine [23] considered an alternative approach by installing bearing plates onto the 
longitudinal beam bars to introduce all of the beam forces into the joint through concrete-concrete 
compression forces.  To prevent yield penetration, which would prevent such a design from 
developing, extra reinforcement was welded onto the beam bars, between the bearing plates, 
which passed through the joint.  This effectively increased the yield strength of the reinforcement 
within the joint, ensuring the beam reinforcement passing through the joint remained elastic.  This 
method allocated all of the shear force to the concrete strut, foregoing the truss mechanism 
altogether.  With the truss mechanism removed, the reinforcement requirements of the joint can 
be relaxed, so long as confinement of the joint core and strut is ensured.  However, like the re-
located plastic hinge design, this design is also hard to implement and induces construction 
issues. 
 
Several researchers found that the concrete strut mechanism can be maintained, to some extent 
during an earthquake, allowing for a reduced dependence on the truss mechanism.  In 1987 Park 
and Ruitong [54, 65] tested four beam-column joints, concluding that the requirements, of the 
then current design standard NZS 3101: 1982 [45], could be relaxed, as joints with reduced 
horizontal joint shear reinforcement showed satisfactory performance.   
 
Further reductions in joint reinforcement requirements were suggested by Cheung in 1991 [14-
16].  This research showed improvements in the assumed bond distribution along the longitudinal 
beam bars that would subsequently be used in the derivation of the current design standard, 
NZS 3101:2006 [49]. The new profile, which was observed during the testing, accounted for 
some degree of yield penetration, bond slip and the effect of axial load on the neutral axis depth, 
all of which affect the distribution of shear between the truss and strut mechanisms. 
 
In 1992, Paulay and Priestley [60] published a comprehensive approach, to the design of beam-
column joints, with an in depth derivation, leading to the current New Zealand design standard 
requirements for the allocation of shear reinforcement in beam-column joints [47, 49].  These 
requirements have remained unchanged since their introduction into the 1995 design 
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standard [47].  However, some further reductions in joint shear reinforcement have been 
considered as elaborated upon in subsequent paragraphs. 
 
In 2000, Lin [38] attempted an analytical strut and tie approach to model the force distribution 
through beam-column joints.  This research suggested that, reductions to the required amount of 
horizontal joint shear reinforcement could be made, for joints that are exposed to low shear 
stresses.  The analytical results tended to agree with the current design standards [47] when the 
joint was subjected to relatively high joint shear stresses (𝑣𝑗ℎ/𝑓𝑐
′ = 0.2), where 𝑣𝑗ℎ is the 
horizontal joint shear stress and 𝑓𝑐
′ is the compressive strength of the concrete.  However, for 
joints with reduced joint shear stress ratios, the requirements of the current design standards [49] 
were shown to be overly conservative.  Also evident from this research, is that axial stresses on 
the columns, in excess of 0.3𝑓𝑐
′ are actually detrimental to the joint shear strength, as crushing of 
the joint core becomes a risk.  This is contrary to the current design standards, in which no upper 
limit is applied to the axial load on the column when considering joint zone strength, which is 
assumed to increase with increased column axial load.  These analytical trends can be seen in 
Figure 1.6 [38]. 
 
 
Figure 1.6: Shear reinforcement ratio requirements [38] 
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1.4 Current Design Approaches 
1.4.1 NZS 3101: 2006 
As mentioned in Section 1.3, the New Zealand approach to interior reinforced concrete beam-
column joint design is based on the formation of two mechanisms.  These mechanisms are 
based on a concrete strut and reinforcement truss, both of which are explained in depth in 
Chapter 2. 
 
Some key points of the design process in NZS 3101 [47, 49] are: 
 
 In following capacity design, as defined in Section 1.1, NZS 3101 [49] ensures that the 
beam-column joints perform at least as well as the adjoining beams and columns, such 
that they are not the source of failure. 
 
 The maximum joint shear force is limited to, 
 
Equation 1.1 
 
where   
  is the compressive strength of the concrete,    is the effective width of the 
joint (defined in Section 2.4.4) and    is the depth of the column in the plane of 
loading.  This limitation attempts to prevent the concrete in the joint core from being 
subjected to shear stresses which may induce crushing failure.  Although this stress is 
limited to only a fraction of the concrete compressive strength (  
 ), crushing can still 
occur due to the presence of tensile strains in the joint zone during repeated cycles of 
an earthquake.  This is explained in more detail in Section 2.5.1. 
 
 The area of horizontal reinforcement required within the joint is: 
 
Equation 1.2 
 
where     
  is the design horizontal joint shear force considering over-strength (defined 
in Section 2.1).    
  is the larger area of the top or bottom longitudinal reinforcement in 
the beams, passing through the joint zone, with lower characteristic yield strength   .  
    is the lower characteristic yield strength of the horizontal joint reinforcement. 
 
 
Equation 1.3 
𝐴𝑗  
6𝑉𝑜𝑗 
 
𝑓𝑐 𝑏𝑗 𝑐
 
𝛼𝑖𝑓𝑦𝐴𝑠
 
𝑓𝑦 
  
𝛼𝑖      −   6
𝐶𝑗𝑁
𝑓𝑐 𝐴𝑔
 𝛼𝑛 
𝑉𝑗 
 ≤ min     𝑏𝑗 𝑐  ,     𝑓𝑐
 𝑏𝑗 𝑐  
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where         for limited ductile plastic hinge regions and        for ductile 
plastic hinge regions (defined in Section 2.6.1.3.1 of NZS 3101: 2006 [49]).     is a 
factor accounting for the effect of transverse beams on the joint.  In the absence of 
transverse beams       .  See NZS 3101 [49] for values when transverse beams are 
present as they are not covered within this thesis.    is the axial load on the column and 
   is the gross area of the column. 
 
Equation 1.2  is essentially a conservative version of the derivation presented by Paulay 
and Priestley [60] shown in Section 2.4, with the following addition: 
 
Equation 1.4 
 
This ratio was not present in the original derivation [60].  However, it was introduced 
into NZS 3101: 1995 [47], as research [64] had indicated that the required amount of 
horizontal joint shear reinforcement was dependent on the horizontal joint stress ratio 
(     
 ⁄ ).  The 1.20 upper limit corresponds to the case when          
 , or the 
maximum allowable stress in the joint to prevent concrete crushing, explained earlier in 
this Section.  The lower limit of 0.85 is not explained in NZS 3101 [49].  However, it is 
believed that this lower limit has been set due to the lack of testing performed on beam-
column joints, in which the horizontal joint shear stress (   ) was below       
 . 
 
 Allowance is made for the relocation of plastic hinges along the beam, away from the 
joint; see Section 1.3 for an example of a relocated plastic hinge zone.  This allows for 
a reduction in joint reinforcement as the joint is assumed to stay elastic during loading.  
In this case the required area of reinforcement is [60]: 
 
Equation 1.5 
 
where 
Equation 1.6 
 
and     is the area of reinforcement required for the joint with lower characteristic 
yield strength     and  , is a strength reduction factor defined in NZS 3101 [49]. 
 
    ≤
6𝑉𝑜𝑗 
 
𝑓𝑐 𝑏𝑗 𝑐
≤      
𝐴𝑗  
𝑉𝑗 
 − 𝜙𝑉𝑐 
𝜙𝑓𝑦 
 
𝜙𝑉𝑐  𝑉𝑗 
     +
𝐶𝑗𝑁
𝐴𝑔𝑓𝑐 
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 Regardless of any reductions in horizontal joint shear reinforcement from Equation 1.2 
to Equation 1.6, at least 40% of the total horizontal joint shear is to be resisted by 
means of horizontal joint shear reinforcement.  Additionally, the joint shear 
reinforcement must meet the requirements of the adjoining columns, in terms of 
confinement and anti-buckling. 
 
 The required area of vertical reinforcement within the joint is: 
 
Equation 1.7 
 
where     is the lower characteristic yield strength of the vertical joint reinforcement 
and     ⁄  is the ratio of beam depth to column depth, as defined in Figure 1.4 and: 
 
Equation 1.8 
 
NZS 3101 [49] is currently the most comprehensive approach to beam-column joint design to 
date, in which shear resisting mechanisms are defined. 
 
1.4.2 AIJ: 1994 
The Japanese approach [4] to beam column joint design is an empirical approach, based on 
previous experimental observations.  Capacity design is acknowledged as the joint is to be 
designed such that the energy dissipating mechanisms are not located within the joint zone.  
The required ratio of horizontal joint reinforcement is given by: 
 
Equation 1.9 
 
where 
Equation 1.10 
 
which is the reduced shear strength of the joint, to reduce the likelihood of concrete crushing. 
  
  is the compressive strength of the concrete,     is the effective width of the joint (defined in 
Section 2.4.4) and    is the depth of the column in the plane of loading.  The notation used here 
has been modified from the original text, so that notation throughout this thesis is consistent. 
 
The design philosophy presented by the Japanese for the horizontal joint shear reinforcement 
ratio is based on studies which found no connection between the joint shear reinforcement ratio 
𝐴𝑗𝑣  𝛼𝑣𝐴𝑗 
𝑓𝑦 
𝑓𝑦𝑣
 𝑏
 𝑐
 
𝛼𝑣  
  7
 +
𝑁
𝑓𝑐 𝐴𝑔
 
𝜌𝑗 ≥ max  (     (𝑉𝑗 
 𝑉𝑗𝑢⁄ ) ,      ) 
 
𝑉𝑗𝑢      𝑓𝑐
 𝑏𝑗 𝑐 
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and the joint shear strength, and the consideration that joints with horizontal reinforcement 
ratios higher than 0.003 are difficult to construct, due to congestion issues.  No account is made 
for vertical reinforcement within the joint zone as it is stated that the column reinforcement is 
sufficient, if AIJ [4] design of the columns is followed. 
 
1.4.3 Eurocode 8 
Capacity design is also the basis for the design philosophy of Eurocode 8 [11], with the energy 
dissipating mechanism prevented from being within the beam-column joint.  Some key design 
points from Eurocode 8 are: 
 
 A limiting stress is applied to the joint zone such that concrete crushing does not 
become an issue.  This is in the form of a limiting joint shear force: 
 
Equation 1.11 
 
where   
  is the distance between the outermost column flexural reinforcement,    is 
the normalised axial load on the joint,     is the design strength of concrete and: 
 
Equation 1.12 
 
 In the allocation of the horizontal joint shear reinforcement, the aim is to limit the 
tensile strains within the joint zone to less than the design tensile strength of the 
concrete (    ).  This is done with two possible approaches; the first of which is: 
 
 
Equation 1.13 
 
where     is the distance between the centroid of the top and bottom reinforcement in 
the beams. 
 
Alternatively, the horizontal joint shear reinforcement can be proportioned based on: 
 
Equation 1.14 
 
where     is an over-strength factor equal to 1.2,    is the area of steel in the bottom of 
the beam and   
  is the area of the top reinforcement.  Equation 1.14 effectively requires 
𝑉𝑗 
 ≤ 𝜂𝑓𝑐𝑑  −
𝑣𝑑
𝜂
𝑏𝑗 𝑐
  
 
𝜂    6   −
𝑓𝑐
 
   
  
𝐴𝑗 𝑓𝑦 
𝑏𝑗 𝑗𝑤
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𝑉𝑗 
 
𝑏𝑗 𝑐 
 
 
𝑓𝑐𝑡𝑑 + 𝑣𝑑𝑓𝑐𝑑
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𝐴𝑗 𝑓𝑦 ≥ 𝛾𝑅𝑑 𝐴𝑠 + 𝐴𝑠
  𝑓𝑦  −    𝑣𝑑  
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all of the joint shear force to be distributed to the joint reinforcement, with some 
reduction in the presence of axial load on the column. 
 
 An allocation is made for vertical reinforcement relative to the horizontal shear force: 
 
Equation 1.15 
 
where     is the required area of horizontal joint shear reinforcement,   
  is the 
column depth between the outermost flexural reinforcement and    is the 
effective depth of the beam, between the centroids of top and bottom flexural 
reinforcement. 
 
The notation used here has been modified from the original text so that notation throughout this 
thesis is consistent. 
 
1.4.4 ACI 318 
The American approach [2] to shear design of beam-column joints is mostly empirical.  The 
amount of horizontal joint shear reinforcement is determined by the confinement requirements 
of the column adjoining the joint.  This is generally less than the requirements of 
NZS 3101 [49] and Eurocode 8 [11].  Additional reductions in reinforcement are permitted in 
the situation of a 2-way interior joint; see Section 1.2 for joint classifications.  This method 
assumes that the beams are able to confine the joint zone without the need for additional joint 
reinforcement above the anti-buckling quantities for the longitudinal column bars. 
 
A maximum joint shear stress is allocated to the joint in order to restrict crushing of the joint 
zone concrete.  The joint shear stress       is limited by: 
 
Equation 1.16 
 
where   is 1.7 for 2-way interior joints, 1.2 for 1-way interior and 2-way edge joints, and 1.0 
for all other cases.  The “2.62” is used to convert the US customary equation in to metric. 
  
𝐴𝑗𝑣 ≥
 
 
𝐴𝑗 
 𝑐
 
𝑗𝑑
 
 
𝑣𝑗 ≤   6 𝑋√𝑓𝑐  
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1.5 Parametric Joint Research 
Due to the complex nature of reinforced concrete beam-column joints and the number of 
variables in design, researchers have tried to identify which design parameters are most 
influential on the performance of the joint.  Throughout these studies, a common notation is 
used to express the type of failure the joints experienced.  For specimens which failed in beam 
shear/flexure, the failure mode is denoted B.  For joints which experienced failure in the joint 
zone, the failure mode is denoted J and for joints which experienced joint zone failure, after 
failure in the beams, the failure mode is denoted BJ. 
 
Kitayama, Otani and Aoyama [32] examined 43 interior beam-column joints, of which 24 
experienced BJ failures and 19 experienced J failures. In this study the reinforcement ratio was 
defined as    = 
   
  ⁄    
,  where     is the total cross-sectional area of the horizontal joint 
reinforcement in the plane of loading,   is the effective depth of the beam and    is the column 
depth in the plane of loading.  From this study, it was found that the column axial load     did 
not influence the maximum joint shear strength.  It was also noted that the ratio of joint shear 
reinforcement       improved the shear strength of the joint until a reinforcement ratio of 0.4% 
was reached.  Reinforcement ratios above 0.4% showed no improvement in joint shear strength, 
suggesting that above this ratio the failure mode is no longer governed by the reinforcement 
ratio. 
 
Bonacci and Pantazopoulou [8] studied 86 interior beam-column joints, including some with 
transverse beams.  This study showed no relationship between the column axial stress 
(   
   ⁄ ) and the joint shear strength.  However, a strong relationship was noted between the 
volumetric horizontal joint shear reinforcement ratio, multiplied by the yield strength of the 
longitudinal beam reinforcement and normalized by the concrete compressive strength 
(
       
  
 ), and the distribution of shear force between the strut and truss mechanisms.  In 
cases where low amounts of shear reinforcement were provided, the strut mechanism was 
heavily relied on and in cases where the shear reinforcement was high, the demand on the strut 
was low.  This does not actually show an improvement in performance with increased 
reinforcement, but it does show that the distribution of forces between the mechanisms is 
influenced by the reinforcement ratio. 
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Goto and Joh [28] examined the results of 96 1-way interior beam-column joint tests from 
Japanese researchers.  19 of these specimens experienced failure in the beams (B), 52 
experienced joint shear failure after beam failure (BJ) and 23 experienced exclusive joint 
failure (J).  From these specimens, a relationship was noted between the maximum shear stress 
of the joint and the concrete compressive strength    
  .  For J type failures, the joint shear 
strength was found to be        7√  
       , and when the shear stress was below 
    √  
 , joint shear failure was avoided.  This shows that the joint shear stress has an effect on 
the performance of the joint and that limiting this stress, as is done in the New Zealand, 
European and American standards [1, 11, 49], can reduce the likelihood of a joint shear failure.  
Additionally, a relationship was established between the horizontal joint shear reinforcement 
ratio, multiplied by the longitudinal beam reinforcement yield strength (      ) and the 
maximum joint shear stress.  Both the shear strength and the reinforcement ratio were 
normalized by √  
 .  This showed that increasing the strength or ratio of shear reinforcement 
within the joint zone improved the shear strength of the joint.  However, it was also noted that 
with increased reinforcement, the increase in strength decays, suggesting an upper limit to the 
usefulness of the reinforcement ratio.  Additional reinforcement above this level would not 
improve the joint shear strength, as the failure mode would no longer be governed by a lack of 
reinforcement. 
 
Lin [37] compiled a database of 47 interior beam-column joints with a variety of B, BJ and J 
failure modes.  From this parametric study, a relationship between the column axial 
stress (   
   ⁄ ), the amount of joint shear reinforcement, the horizontal joint shear stress (   ) 
and the joint performance was established.  The most influential parameter was reported as 
being the joint shear stress, normalized by the concrete compressive strength (     
 ⁄ ).  It was 
shown that, as the shear stress in the joint is increased, the rotational ductility of the beams at 
failure decreases.  This shows that the lower the shear stress, the less likely a joint failure mode 
will occur.  The study also showed that improvements in the joint performance can be expected 
for axial stresses up to      
 , allowing for a reduction in joint shear reinforcement.  However, 
for column axial stress levels above      
 , the performance is reduced as the concrete strut 
mechanism is subjected to higher joint shear stresses, therefore, requiring an increase in joint 
shear reinforcement as shown in Figure 1.6 [38]. 
 
Kim and LaFave [31] examined 78 interior beam-column joints, of which 27 failed in the joints 
only (J) and 51 failed in beam flexure with joint shear (BJ).  Only tests with a minimum of 70% 
of the confinement requirements, based on American design [1], were included.  A strong 
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relationship was found in the joint shear strength and the concrete compressive strength, 
showing that with increased compressive strength an associated increase in joint shear strength 
can be expected.  Equally noted was an increase in shear strength as √  
  increases, suggesting 
the tensile strength of the concrete contributes to the joint performance.  This research used the 
same volumetric horizontal joint shear reinforcement ratio as Bonacci and Pantazopoulou [8], 
and the specimens examined in this study showed no relationship in reinforcement ratio to joint 
shear strength.  It is stated by the author that this is most likely due to the fact that only 
specimens meeting 70% of the confinement requirements were included, again suggesting that 
after the confinement requirements are met within the joint, the failure mode is no longer 
governed by the reinforcement ratio.  This research also reported that the column axial stress 
has no direct relationship to the joint shear strength. 
 
1.6 Research Objectives 
The objective of the research presented in this thesis is to investigate the level of conservatism 
within the current design standards of reinforced concrete beam-column joint design in 
New Zealand.  This is achieved with the following procedure: 
 
 Compiling a database of previously researched 1-way interior beam-column joints. 
 Identifying the parameters within this database which influence the performance of the 
joints. 
 Presenting equations which directly relate these parameters to the performance of the 
joints. 
 Comparing the requirements, identified in this research, to the requirements of the 
New Zealand design standards [49]. 
 
1.7 Thesis Overview 
Chapter 1. The concepts of beam-column joints are introduced and a background into 
how they have been tested in the past and how they are designed by various 
design standards is given. 
 
Chapter 2. The mechanics of beam-column joints are described and the potential failure 
mechanisms of beam-column joints are identified. 
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Chapter 3. The key parameters of beam-column joint design are identified and predictions 
are made as to how varying these parameters will alter the performance of the 
beam-column joint. 
 
Chapter 4. The methodology of data collection and processing is described. 
 
Chapter 5. The results of the parametric analysis are presented for each parameter 
individually and again when the parameters are combined into multiple 
parameter analyses. 
 
Chapter 6. Design equations are identified and compared against the current NZS 3101 
[49]. 
 
Chapter 7. Conclusions of this research are presented and recommendations for future 
research are suggested.  
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Chapter 2 Beam-Column Joint Mechanics 
2.1 Beam-Column Joint Shear Demand 
Consider the external and internal forces acting on a beam-column joint, as shown in                
Figure 2.1 a) and b) respectively.  For the example presented here, axial load on the columns (𝑁) 
has been excluded.  The influence of axial load is discussed in more detail in Section 3.5.3. 
 
a) External moments    b) Internal forces 
Figure 2.1: Actions acting on a beam-column joint 
 
The moment in the left beam of Figure 2.1 a) (𝑀𝑏
+) induces positive curvature, where the lower 
reinforcement in the left hand beam experiences tension (𝑇𝑠1), while the upper reinforcement 
experiences compression (𝐶𝑠1).  In a multi-storey frame subjected to lateral accelerations, the 
moment on the opposite side of the joint is reversed; therefore, the right hand beam experiences 
negative curvature.  It is this reversal of moments which causes the shear force in the joint to be 
typically 4-6 times the column shear (𝑉𝑐𝑜𝑙) [60].  The beams also introduce an additional 
compression force into the joint in the form of a concrete-concrete compression (𝐶𝑐).  The 
horizontal joint force (𝑉𝑗ℎ) can be determined by equating the forces in Figure 2.1 b) as shown 
in Equation 2.1: 
 
Equation 2.1 
 
As 𝐶𝑠1 + 𝐶𝑐1  =  𝑇𝑠1, the joint shear force simplifies to: 
 
Equation 2.2 
 
 
𝑉𝑗ℎ = 𝑇𝑠2 + 𝐶𝑠1 + 𝐶𝑐1 − 𝑉𝑐𝑜𝑙 
 
𝑉𝑗ℎ = 𝑇𝑠1 + 𝑇𝑠2 − 𝑉𝑐𝑜𝑙 
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The force in the beam and column longitudinal reinforcement is given by: 
 
Equation 2.3 
 
where    and    respectively, are the cross-sectional area and stress in the longitudinal flexural 
tension reinforcement in the beams and columns. 
 
With capacity design, the beams are expected to yield in flexure prior to any other failure mode 
developing. The plastic hinges are expected to develop at the column face, provided they have 
not been relocated along the beams with special detailing, such as the re-located plastic hinge 
design in Section 1.3.  Considering this, it is necessary to determine the actual stresses that will 
develop within the beam longitudinal reinforcement.  In design, the yield strength of 
reinforcement is often taken as the lower characteristic yield strength, which is the lower 5
th
 
percentile of specified yield strength.  This is a conservative approach, when considering the 
likely strength of the reinforcement.  However, when the horizontal shear force of a beam-
column joint (   ) is limited by the strength of this longitudinal beam reinforcement (  ), it 
becomes conservative to consider the maximum force that might develop in the beams.  To 
account for this over-strength, a multiplier (  ) is applied to the yield strength of the 
reinforcement. 
 
Equation 2.4 
 
The over-strength multiplier contains two additive components.  The first factor (  ) converts 
the lower 5
th
 percentile of yield strength, which is specified by the manufacturer, to the 95
th
 
percentile.  This gives a design value for the maximum likely design strength.  The second 
factor (  ) accounts for strain hardening, in which the stress in the reinforcement exceeds yield 
when worked. 
 
Equation 2.5 
 
Appropriate values for    and   , used in design are [13, 60]: 
 
for all         = 1.15 
for               = 1.10    = 1.25 
for               = 1.25    = 1.40 
 
𝑇𝑠  𝐴𝑠𝑓𝑠 
𝑓𝑠  𝜆𝑜𝑓𝑦 
 
𝜆𝑜  𝜆 + 𝜆  
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where Grade 300 and Grade 500 respectively represent reinforcement which have lower 
characteristic yield strengths (  ) of 300 MPa and 500 MPa. 
 
The horizontal shear force in the columns        can be expressed in terms of the induced 
moments from the beams with sufficient confidence, as shown in Equation 2.6 [60], with 
reference to Figure 1.4. 
 
 
Equation 2.6 
 
The vertical shear force in the joint (   ) can also be calculated in much the same method as 
the horizontal shear force (   ), resulting in an equation similar to Equation 2.1.  However, due 
to the number of intermediate column bars present in moment resisting frames, the calculations 
become cumbersome.  To simplify this process, it is acceptable to scale the horizontal joint 
shear force based on the ratio of the height of the beam     , to the length of the column, in 
plane with the frame     , as shown in Equation 2.7 [49]. 
 
Equation 2.7 
 
2.2 Shear Force Resisting Mechanisms in Beam-Column Joints 
2.2.1 Identifying the Shear Force Mechanisms in Beam-Column Joints 
The forces depicted in Figure 2.1 b) induce shear stresses within the joint core, which need to 
be resisted to prevent a shear failure of the beam-column joint.  Two mechanisms which have 
been predicted to explain beam-column joint behaviour, act concordantly to allow the transfer 
of forces through the joint core.  These are the Concrete Strut Mechanism and the Joint Truss 
Mechanism [59]. 
 
2.2.2 Concrete Strut Mechanism 
Compression forces acting at opposing corners of the beam-column joint induce a concrete 
strut, which provides shear strength to the joint.  This mechanism relies on the compressive 
strength and aggregate interlock of the concrete to transfer forces through the joint.  Figure 2.2 
shows the compression strut transfer mechanism with all imposed actions.  Only forces that are 
directly involved in the strut mechanism have been shown.  The horizontal shear resistance 
provided by the diagonal compression strut (   ), is the horizontal component of the 
𝑉𝑐𝑜𝑙  
𝑙𝑏 𝑀𝑏
 +𝑀𝑏
  
 𝑙𝑐𝑙𝑏
  
𝑉𝑗𝑣  
 𝑏𝑉𝑗 
 𝑐
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compression force in the joint strut (  ).  Under design conditions, this mechanism is required 
to resist the forces induced by the compression forces in the concrete in the beams and 
columns, which are in compression (    to    ) and also a small amount of compression which 
is introduced from the longitudinal bars, through bond forces in the joint (    to    ).  The 
compression forces in the beams and columns consist of not only flexural actions, but also 
shear actions, which induce concrete compression struts in the members, as shown in        
Figure 2.2.  These concrete compression struts in the beams and columns are an important 
factor when it comes to the closing of flexural/shear cracks during load reversals of the 
members, as discussed further in Section 2.3.6.   
 
Figure 2.2: Diagonal concrete strut mechanism 
 
In Figure 2.2, solid arrows are compression forces, dashed arrows are tension forces and the 
shaded areas are the compression zones of the concrete. 
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2.2.3 Joint Truss Mechanism 
As stated in Section 2.2.2, a fraction of the beam longitudinal reinforcement force entering the 
joint zone is transmitted by bond force      to the strut mechanism.  However, the remainder of 
the reinforcement force (   +    –   ) must be resisted by an alternative mechanism.  As the 
joint core is expected to have formed tensile cracks during loading, the core concrete is no 
longer able to transfer significant tensile stresses.  Horizontal and vertical reinforcement is 
required to facilitate the second shear transfer mechanism, as shown in Figure 2.3.  The 
required vertical reinforcement can either be provided by vertical stirrups or intermediate 
column bars.  The latter is preferred as it simplifies the placement of reinforcement within the 
joint.  It is intuitive that in order for the joint truss mechanism to exist, both horizontal and 
vertical joint reinforcement is required. 
 
This strut and tie depiction of the truss mechanism, shown in Figure 2.3, is how it is presented 
in the current New Zealand design standard NZS 3101:2006 [49].  However, closer inspection 
of the longitudinal beam and column bars passing through the joint, as depicted, show they are 
not in equilibrium.  This issue arises as the longitudinal beam bars are not directly in contact 
with the column bars, and therefore, the concrete between the bars must be relied on to provide 
the vertical and horizontal shear force interaction at the corners of the joint struts.  This is not 
shown in the current model, which prevents the formation of the concrete struts in the truss 
mechanism. 
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Figure 2.3: Joint truss mechanism 
 
An alternative model of the truss mechanism is presented in this thesis.  To address the issue of 
equilibrium around the longitudinal beam and column bars, radial compression struts are 
induced around the beam bars, as shown in Figure 2.4, and explained in detail in Section 2.3.2.  
The inclination of the concrete struts from the longitudinal beam bar bond forces are not 
representative of the actual inclination, and are solely for illustrative purposes.  The actual 
inclination of such forces, are shallower with a smaller angle between the longitudinal beam 
bars and the struts [27]. 
Equilibrium violation 
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Figure 2.4: Alternative truss mechanism 
 
This mechanism is only valid while bond along the longitudinal beam bars exists.  Once the 
joint has been subjected to earthquake loadings, it is likely to develop a crack along the outside 
edge of the longitudinal beam bars, as described in Section 3.5.  This severely limits the 
effectiveness of bond transfer from the longitudinal beam bars to the joint and column concrete.  
The mechanism in Figure 2.4 can be modified, as shown in Figure 2.5, to allow for this loss of 
bond force.  In this cracked mechanism, it is assumed that bond transfer can still occur within 
the compression zone of the column.  If this is not the case and the bars are no longer bonded 
within the joint, the shear transfer shifts heavily to the strut mechanism as described in 
Section 2.5.3. 
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Figure 2.5: Modified truss mechanism for cracked concrete 
 
Due to the nature of the joint truss mechanism, the horizontal joint shear reinforcement is 
always exposed to tensile forces, regardless of the direction of loading.  Therefore, any yielding 
which may occur in the horizontal joint zone reinforcement is irreversible, as the reinforcement 
is not subjected to compression.  This leads to a reduction in the structural stiffness of the 
beam-column joint in later load reversals as the reinforcement must yield again to contribute to 
the joint shear strength.  This is an inefficient way of providing energy dissipation for a 
structure and as discussed in Section 1.1; the joint should remain elastic, while the plastic 
hinges in the beams provide energy dissipation. 
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2.3 Bond Mechanics 
2.3.1 Significance of Bond 
The bond between the longitudinal beam bars and the joint concrete is highly influential in 
distributing the forces between the concrete strut mechanism, described in Section 2.2.2 and the 
truss mechanism, described in Section 2.2.3. If the bond between the reinforcement and the 
concrete is ensured, the truss mechanism can be utilised to its full potential.  However, when 
bond slip occurs and the beam bars are freely moving through the joint zone, almost all of the 
shear force is transferred to the strut mechanism. 
 
The conditions within beam-column joints are relatively severe when considering bond.  
Reinforcement requires an embedment, or development length, in which a certain anchorage 
length is required to prevent the bar from being pulled out of the concrete when loaded 
longitudinally.  In the case of beam-column joints, this length is set by the depth of the column 
(  ) in the plane of loading.  Additionally, the forces applied to the bar produce a significantly 
high bond force, as the bar is being pushed through the joint on the compression side, while 
simultaneously being pulled through the joint on the tension side.  This combination of forces, 
as seen in Figure 2.6, must be transferred by bond forces to the joint and the adjoining columns, 
in order for the truss mechanism to assist in the shear resistance. Considering this, the bond 
mechanics of reinforced concrete, beam-column joints warrant a detailed description. 
 
It has been shown that bond slip between the longitudinal beam bars and the concrete within the 
joint zone, can contribute up to 50% of the deflection in a frame [19].  This has a significant 
effect on the energy dissipation and stiffness of the structure.  A reduced joint stiffness, which 
occurs in the presence of beam bar bond slip, increases the deformations, strains and crack 
widths in the joint.  This can lead to degradation of the joint concrete and failure of the joint.  
Additionally, the reduced stiffness can cause a serviceability failure of the structure, in which 
the structure’s drift is unacceptable. 
 
Figure 2.6: Bond resistance on top beam bar 
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2.3.2 Splitting Failure 
In seismic design, plain round bars are not appropriate as longitudinal beam or column 
reinforcement due to its poor bond strength in cyclic loading situations, such as earthquakes.  
This requires designers to use deformed bars, or ribbed bars, which greatly improve the bond 
strength between the concrete and the reinforcement.  The ribs or deformations induce a 
bearing force on the concrete, rather than relying on adhesion and friction of the concrete-
reinforcement interlock alone, as is the case when round bars are used [19].  When the 
reinforcement is pushed or pulled through the surrounding concrete, the ribs induce 
compression forces in the concrete, which radiate out from the bar, as shown in                 
Figure 2.7 a) and c).  These compression forces are restrained by hoop tension forces within the 
concrete, which circles around the reinforcement, perpendicular to the radial compression 
forces.  The combination of these hoop tension forces and the displacement cracking following 
the ribs, shown in Figure 2.7 b), result in splitting cracks, which radiate out from the 
reinforcement between the compression zones [27]. 
  
a) Induced concrete compression    b)    Rib detail c) Hoop tension and radial cracking 
Figure 2.7: Splitting failure details ( c) adapted from Fenwick, Bull and Gardiner [20] ) 
 
The extent of the splitting cracking depends on the confining pressure on the reinforcement, the 
bar diameter to cover ratio, the concrete tensile strength, bar spacing and the relative slip of the 
bar through the concrete [19, 20, 29, 61].  If the splitting cracks reach the surface of the 
concrete, then a sudden drop in the bond strength is expected and the reinforcement will 
become un-bonded, unless stirrups or ties are present to capture the forces [19]. 
 
2.3.3 Pull-Out Failure 
Splitting failure of the longitudinal beam bars is generally prevented in beam-column joints, 
due to the confining pressure provided by axial compression from the column and vertical 
reinforcement from the column longitudinal bars.  In this situation bar pull-out failure is more 
likely.  Bar pull-out failure occurs when the bond stress along the reinforcement exceeds the 
ultimate bond strength and cracks develop along the beam bar, until the bar is free to move 
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through the joint.  Some frictional force between the bar and the concrete may still exist, but it is 
expected to be marginal in comparison to an anchored bar. 
 
The profile of the reinforcement has a pronounced effect on the bar pull-out strength [19, 27].  
The additional bearing strength provided by the ribs, as described in Section 2.3.2, require the 
section of concrete between ribs to shear off, if pull-out failure is to occur, as shown in                      
Figure 2.8.  It requires a larger force to shear the concrete than it does to break the friction bond 
of an un-ribbed bar, and as such, the inclusion of ribs improves the bond strength significantly 
[3, 19].  The angle of inclination, spacing and height of the ribs all contribute to the pull-out 
strength and variations in these alter the performance [25, 29].  
 
 
 
Figure 2.8: Bar pull-out failure of un-deformed and deformed bars 
 
2.3.4 Cyclic Pull-Out Failure 
The most likely form of bond failure in beam-column joints is a cyclic version of bar pull-out 
failure.  Bar pull-out failure covered in Section 2.3.3, is more likely to occur in monotonic loading 
situations.  When cyclic loading is considered in events such as earthquakes, the failure 
mechanism is altered.  As shown in Section 2.3.2 the ribs of deformed reinforcement bars, induce 
a compression force in the concrete, directly in front of the rib.  With continual loading this area 
of concrete crushes and the concrete is reduced to rubble.  Upon load reversal, the concrete 
between the ribs is also crushed from the other end.  This continued load reversal degrades the 
concrete between the ribs, until shear failure occurs within the concrete along the reinforcement 
and the bar is free to move through the joint.  This process is depicted in Figure 2.9. 
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Figure 2.9: Cyclic bar pull-out failure 
 
Continued load cycling can become an issue as the concrete between the ribs degrades with 
each load, even if the load is kept constant in each direction.  This means that bond failure may 
occur under a few cycles of high load or under many cycles of a lower load. 
 
2.3.5 Degradation of Bond Resistance 
During earthquake events, the cycling back and forth, and the significant magnitude of force 
applied to the longitudinal beam bars can degrade the concrete surrounding the reinforcement, 
causing bond failure.  Consider first, the situation depicted in Figure 2.10 a), where the beams 
are loaded such that the reinforcement in the right hand beam is experiencing strain hardening 
and the left hand beam is at yield.  Under these conditions     is less than     as     is able to 
transfer some force straight to the strut mechanism within the joint.  This creates a stress profile 
along the beam bar as represented in Figure 2.10 c). 
If several cycles under this loading condition occur, as would be expected during an 
earthquake, yield penetration is possible, in which the bond along the beam bars on either side 
of the joint can degrade for two reasons.  First, the cover concrete on either side of the joint is 
unconfined and since the column and the beam are both in tension in the upper right hand 
corner of the joint, a crack is expected to develop along the top of the beam bar, degrading the 
bond, until it can be restrained by the column longitudinal reinforcement.  Once this has 
occurred, the anchorage depth within the beam-column joint is reduced from the column width 
(  ) to the distance between the outer-most column bars (  
 ), which is typically assumed to be 
      with a concrete cover of      .  Second, due to strain hardening and the location of the 
plastic hinges at the column face, the stresses within the reinforcement inside the joint can 
29  
 
exceed yield.  With the longitudinal beam reinforcement yielding within the joint zone, the joint 
concrete cracks, degrading the bond within the inelastic zone of the joint.  These factors 
combine, degrading the bond at either end of the joint during the cycling, where the stresses are 
at their maximum, leading to the stress profile and bond forces shown in Figure 2.10 d).  As the 
load is sustained and further cycles occur, the yield penetration can continue deeper into the 
joint, continually reducing the reinforcement’s anchorage and increasing the remaining bond 
stress as shown in Figure 2.10 e). 
The maximum sustainable local bond stress (        √  
 ) [60] is reached in Figure 2.10 f) 
and bond slip initiates.  This is considered to cause the greatest demand on the bond strength 
prior to full pull-out failure of the reinforcement and as such it is used as the design case for 
determining the required embedment length to bar diameter ratio in Section 2.3.6.  At this 
point, the average bond stress across the core concrete length (  
 ) is approximately   67     
[60].  Therefore, the average maximum bond stress (  ) for the full joint depth (  ) becomes: 
 
Equation 2.8 
 
Therefore, when the average bond stress across the full joint exceeds     √  
  bond slip is 
likely to occur [60]. 
When the maximum sustainable bond stress within the joint is exceeded, as a result of reduced 
anchorage length, the reinforcement slips.  When this occurs, the joint provides little resistance 
to displacement through the joint, in the form of friction between the reinforcement and the 
joint concrete, and the distribution of shear shifts heavily to the concrete strut mechanism, as 
shown in Figure 2.10 g).  This occurs as the tension force in the right hand side of the joint, is 
now anchored in the left hand side beam.  This significantly increases the force distributed to 
the concrete strut mechanism as     and     are also transferred via the concrete compression in 
the left hand beam to the joint, in addition to the original concrete compression force      , as 
shown in Figure 2.19.  When this loading situation occurs, localised crushing of the beam and 
joint occurs in the corners of the joint, like the example shown in Figure 2.21; and with almost 
no resistance provided by the truss mechanism, the concrete strut mechanism is at risk of 
failure. 
This derivation, originally presented by Paulay and Priestley [60], is only an idealisation of the 
likely behaviour of a beam-column joint during a significant earthquake.  Regardless of any 
bond stress laws that may be derived, bond slip will occur within a beam-column joint if 
enough loading reversals are applied due to yield penetration.  Since it is not possible to know 
𝑢𝑎    67 ×    ×    √𝑓𝑐
      √𝑓𝑐
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exactly how every joint will perform under every earthquake, this idealisation is sufficient in 
providing an estimation of behaviour. 
 
Figure 2.10: Varied bond stress and force conditions during bond degradation (adapted from 
Paulay & Priestley [60]) 
 
2.3.6 Bond Design 
With the distribution of shear forces between the concrete strut mechanism and the truss 
mechanism dependent on the bond between the longitudinal beam bars and the joint concrete, 
design requirements are needed to ensure the joint performs satisfactorily during an earthquake.  
In order to prevent bond failure, the maximum average bond stress across the reinforcement in 
the beam-column joints needs to be less than the average bond strength. 
c 
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As shown in Section 2.3.5, the maximum average bond strength across the full depth of the 
joint is     √  
 .  The bond stress can be prevented from exceeding this strength by designing 
the joint appropriately. 
 
Considering the most demanding situation on bond stress is depicted in Figure 2.10 f) the 
average bond force, over the full depth of the column (  ), is given by Equation 2.9: 
 
Equation 2.9 
 
Equation 2.10 represents the bond strength as a stress. 
 
Equation 2.10 
 
Due to bond slip, the stress in the compression reinforcement is likely to be less than yield as 
the concrete compression force (   ) will be present and when the tension force in the 
reinforcement experiences strain hardening, Equation 2.10 becomes: 
 
Equation 2.11 
 
where    is the diameter of the reinforcement bars transferring     and    .  Provided splitting 
failure does not occur, it has been shown that the bar diameter has little influence on the bond 
strength, if the embedment length is kept constant [19, 60], i.e. 
 
    ⁄           
 
Provided this ratio is kept constant, only a variation of 10% is expected when using nominal bar 
sizes [60].  However, if the embedment length      is limited, as is the case in beam-column 
joints where the embedment length is typically the depth of the column (  ), then varying the 
bar diameter will alter this ratio.   For pull-out tests where the embedment length has been kept 
constant, increasing the bar diameter has a detrimental effect on the pull-out strength [29].  
Rearranging Equation 2.11 and setting the average bond stress to the maximum average bond 
strength (  ), the required embedment ratio to prevent bond pull-out failure is [60]: 
 
Equation 2.12 
 
 
𝑢𝑜  
𝐶𝑠 + 𝑇𝑠 
 𝑐
 
𝑢  
𝑢𝑜
𝜋𝑑𝑏
 
𝐶𝑠 + 𝑇𝑠 
𝜋𝑑𝑏 𝑐
 
𝑢  
𝐶𝑠 + 𝑇𝑠 
𝜋𝑑𝑏 𝑐
 
𝐴𝑠(𝑓𝑠 + 𝜆𝑜𝑓𝑦)
𝜋𝑑𝑏 𝑐
 
𝑑𝑏(𝑓𝑠 + 𝜆𝑜𝑓𝑦)
  𝑐
 
𝑢𝑎      √𝑓𝑐
 ≥
𝑑𝑏(𝑓𝑠 + 𝜆𝑜𝑓𝑦)
  𝑐
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Equation 2.13 
 
This ratio is influenced by the following [60]: 
 
1. The reinforcement ratio of the tension bars to the compression bars within the beams 
(      
 ⁄ ) can alter the actual compression force in the reinforcement.  Typically in 
beam-column joints the maximum moment at the column face occurs at the top of the 
beam, where the moment from the gravity loading combines with the earthquake 
loading.  This leads to many beam-column joints having a larger area of reinforcement 
in the top of the beams than in the bottom.  When the beam is loaded such that it yields 
in tension at the bottom of the beam, the larger area of reinforcement in the top of the 
beam will not reach yield as the load is limited by the tension reinforcement.  In this 
situation the stress in the compression reinforcement is lower than the yield stress, and 
therefore, the demand on the bond strength along the top beam bars is reduced. 
2. The level of transverse confinement provided by axial load in the column     is 
considered to improve the bond strength within beam-column joints.  This is discussed 
in more detail in Section 3.5.3. 
3. Bond degradation at the column face is generally considered to occur due to strain 
penetration, as shown in Figure 2.10 d) - f).  Considering this, it is likely that some of 
the compression load is going to be transferred by means of direct concrete 
compression to the concrete compression strut mechanism.  This reduces the demand 
on the bond strength and as such the compression bars are unlikely to reach yield 
stresses. 
4. In 2-way interior joints, where transverse beams are present, plastic hinges may form 
on all four sides of the joint.  This increases the demand on the joint and loss of 
confinement and bond strength can occur. 
5. The orientation of the casting of the beam-column joint can have a significant effect on 
bond strength [3, 25, 60].  This is particularly relevant to the beam longitudinal 
reinforcement, when the concrete is cast vertically.  Segregation occurs, in which voids 
and water pockets tend to the top of the pour.  If reinforcement bars are present, these 
voids and water pockets are trapped under the reinforcement.  This increases the water 
to cement ratio locally below the bars, and therefore, the concrete is of reduced 
strength.  Since bond is dependent on the strength of the concrete, as discussed in 
Section 3.6.3, the bond strength is reduced. 
 
 
 
𝑑𝑏
 𝑐
≤
   √𝑓𝑐
 
(𝑓𝑠 + 𝜆𝑜𝑓𝑦)
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By incorporating the above factors, Equation 2.13 is modified to give [60]: 
 
 
Equation 2.14 
where 
   is a factor to account for the improved confinement provided by axial loading on the 
column and is given the following range of values 
 
Equation 2.15 
 
where   is the axial force on the column,   
  is the concrete compressive strength and    
is the gross area of the column. 
 
   is a factor to account for the decrease in bond strength in the presence of water gain 
from vertical casting, where the depth below any longitudinal reinforcement in the beams 
is greater than 300mm, in which case        .  For depths less than 300mm,       . 
 
   is a factor to account for the case when plastic hinges form in all four faces of a beam-
column joint which has transverse beams.  In this case,        ,        in all other 
cases. 
 
   is a factor to account for the actual stress values in the compression and tension 
reinforcement on either side of the joint,   ≥    .  If the loading situation of          
Figure 2.10 f) is considered, then the stress in the compression reinforcement is 
represented by        .  This leads to the maximum bond force in the top 
reinforcement as shown in Equation 2.16. 
 
Equation 2.16 
 
where 
Equation 2.17 
 
When there is more reinforcement in the top of the beam than in the bottom (  
     
and       ,  then the compression stress in the top reinforcement is limited to 
   ≤       ;    is defined in Section 2.1.  This cannot be exceeded as the moment in 
the beam is governed by the tension force in the lower beam. 
𝑑𝑏
 𝑐
≤    
𝜉𝑝𝜉𝑡𝜉𝑓
𝜉𝑚𝜆𝑜
√𝑓𝑐
 
𝑓𝑦
 
 ≤ 𝜉𝑝  
𝑁
 𝑓𝑐
 𝐴𝑔
+     ≤      
𝐶𝑠 + 𝑇𝑠  𝛾𝐴𝑠𝑓𝑦 + 𝜆𝑜𝐴𝑠𝑓𝑦 
𝜉𝑚    +
𝛾
𝜆𝑜
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Additionally, in the event that bond slip occurs at the column face, within the unconfined 
cover region of the joint, reducing the anchorage depth to the core concrete depth (  
 ), as 
shown in Figure 2.10 f), the compression forces in the longitudinal beam reinforcement 
have been shown to be no greater than   7   [16].  A possible explanation for this 0.7 
factor is that the shear struts in the concrete within the beams are able to provide a force 
which assists in closing the cracks within the beam, allowing the transfer of concrete 
compression forces, without the beam bars yielding in compression.  This leaves the 
following limitations on the stress level in the top compression reinforcement: 
 
 ≤   7 
 ≤     
 
When  ≤     the factor to account for the maximum bond force transmitted by lower 
reinforcement in compression is given by Equation 2.18 [60]: 
 
Equation 2.18 
 
2.4 Shear Force Design 
2.4.1 Shear Distribution 
In order to design the joint with the required amount of reinforcement, it is necessary to 
determine a reasonable estimate of how much of the shear force is resisted by the concrete strut 
and truss mechanisms.  With reference to Figure 2.2, the horizontal shear force associated with 
the concrete strut mechanism is: 
 
Equation 2.19 
 
The remainder of the horizontal joint shear force (   ) is taken by the truss mechanism. 
 
Equation 2.20 
 
The issue with these equations is that the proportion of compression force between the concrete 
(  ) and reinforcement (  ) are unknown.  Also the amount of shear transferred through bond 
to the strut mechanism (  ) is also unknown. 
𝜉𝑚      − 𝛽 ≤     
 
𝑉𝑐  𝐶𝑐 + 𝐵𝑠 − 𝑉𝑐𝑜𝑙 
𝑉𝑠  𝑉𝑗 − 𝑉𝑐  𝐶𝑠 + 𝑇𝑠 − 𝐵𝑠  
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2.4.2 Concrete Strut Mechanism Contribution 
Section 2.3.5 established that for design purposes, the most realistic approximation for the bond 
stress was that of Figure 2.10 f).  This stress distribution allowed for some localised bond slip 
and strain penetration into the joint, in which the anchorage length had been reduced to       
(assuming the cover to the column bars was      ).  The distribution of the bond force in 
Figure 2.10 f) to the concrete strut mechanism occurs within the length of the column that is in 
compression ( ), which can be approximated by [60]: 
 
Equation 2.21 
 
where   is the column axial load,   
  is the compressive strength of the concrete,    is the gross 
area of the column and    is the full depth of the column. 
 
However, with the assumption that some strain penetration has occurred to the depth of      , 
the bond force distributed to the concrete strut mechanism is reduced to within      [60].  With 
reference to the stress profile of Figure 2.10 f) and Figure 2.11, the average bond stress within 
this      depth, is 1.25 times the average bond stress over the whole depth     , therefore, the 
bond force distributed to the concrete strut mechanism can be assumed to be [60]: 
 
Equation 2.22 
 
Figure 2.11: Bond force distribution within a beam-column joint [60] 
 
The distribution of the compression force between the concrete and the reinforcement needs to 
be determined before the joint reinforcement can be designed.  As it has already been assumed 
𝑐       +     
𝑁
𝑓𝑐
 𝐴𝑔
  𝑐 
𝐵𝑠     𝑐 ×     𝑢𝑜  𝑐𝑢𝑜   𝐶𝑠 + 𝑇𝑠  
𝑐
 𝑐
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that some bond slip has occurred at the compression face of the beam-column joint, at least 
some of the compression strength is resisted by the concrete to concrete compression force (  ).  
From Equation 2.16, it is shown that the compression stress in the reinforcement can be 
estimated to be: 
 
Equation 2.23 
 
Rearranging Equation 2.16, Equation 2.17 and Equation 2.22 gives: 
 
 
Equation 2.24 
 
The concrete compression force is then deduced to be: 
 
Equation 2.25 
 
Therefore the contribution to shear by the concrete strut mechanism is: 
 
 
 
 
 
Equation 2.26 
 
Section 2.1, shows that normal design values for over-strength      are 1.25 to 1.4 and 
combining this with the maximum value for   of 0.70,      ⁄     .  Applying this to 
Equation 2.6 gives: 
 
 
 
 
 
Equation 2.27 
 
It is appropriate to approximate the vertical contribution from the strut as: 
 
Equation 2.28 
𝐶𝑠    𝛾𝐴𝑠𝑓𝑦    
𝛾
𝜆𝑜
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𝑐
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2.4.3 Truss Mechanism Contribution 
The remaining shear forces distributed to the truss mechanism can be found by rearranging 
Equation 2.20 and Equation 2.27: 
 
 
 
 
Equation 2.29 
 
Combining this with Equation 2.21 with some rounding [60]: 
 
Equation 2.30 
 
The required area of horizontal shear reinforcement within the joint can now be found from: 
 
Equation 2.31 
 
where     is the total cross-sectional area of reinforcement required in the plane of loading, 
with yield strength,    .  Rearranging Equation 2.30 gives the required joint shear 
reinforcement in terms of the tensile strength of the upper reinforcement (  ) and the axial 
stress on the joint(   
   ⁄ ) [60]: 
 
Equation 2.32 
 
The required vertical reinforcement is generally governed by the column design above or below 
the joint.  Equation 2.33 [60] shows how much vertical joint shear reinforcement is required, 
which is generally met with the required intermediate column bars: 
 
Equation 2.33 
 
where   is the axial load on the column,     is the yield strength of the vertical reinforcement 
and     is the vertical joint shear, which is: 
 
Equation 2.34 
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2.4.4 Positioning of Joint Reinforcement 
When considering the area of horizontal joint shear reinforcement as calculated from       
Equation 2.32, there are certain guidelines that should be followed regarding the positioning of 
this reinforcement: 
 
1. Only the effective area of reinforcement, in the plane of loading will contribute to the 
truss mechanism.  The portion of the stirrups which are in plane with the loading of the 
frame are going to be effective in shear transfer, but any area which is transverse to the 
plane of loading may assist in confinement, but will not transfer shear forces in the 
truss mechanism. 
2. Horizontal stirrups which do not cover the full depth of the concrete core (  
 ) are not 
going to be as effective as those that do.  Shorter stirrups may confine the interior 
column bars in the joint, but they will not effectively transfer the shear force through 
the truss mechanism, unless they directly cross the potential failure plane of the joint.  
It is conservative to assume they are not contributing to the joint strength. 
3. The stirrups should be distributed evenly, vertically, between the innermost beam bars 
to be considered effective.  Bars that are lumped together or that are too close to the 
longitudinal beam bars do not provide efficient confinement to the joint core, and 
therefore, their contribution to the joint shear strength is reduced.  This thesis utilises an 
effectiveness-depth profile for the horizontal joint stirrups presented in Section 5.1.1. 
4. The required area and subsequent spacing of the joint shear reinforcement must meet 
the requirements for confinement and anti-buckling in the adjacent columns. 
5. Only joint shear reinforcement that is within the effective joint area should be 
considered as contributing to the joint shear strength. The effective area of the joint is 
shown in Figure 2.12.  If the reinforcement is spaced in the shaded areas of the column, 
then it should not be considered as contributing to the shear strength.  The effective 
joint width (  ) is defined by [49]: 
 
          ,   +           when    ≥    
           ,   +          when        
 
Figure 2.12: Effective area of beam-column joints 
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2.5 Joint Failure Mechanisms 
Reinforced concrete beam-column joints can fail in two distinct methods: 
 
1) The concrete within the joint zone crushes under high compression stresses. 
2) The concrete and horizontal joint shear reinforcement, within the joint zone fails in 
tension due to poor confinement. 
 
Other factors can contribute to the overall failure.  For example, the beam longitudinal 
reinforcement may experience bond failure.  This shifts the shear distribution to the strut 
mechanism and with the degradation of the joint zone due to bond slip induced cracking, the 
effective compressive strength of the joint is reduced, as shown in Figure 2.13 leading to either 
a compressive or tensile failure of the joint, depending on the confinement conditions of the 
joint.  
 
2.5.1 Concrete Strut Compression Failure 
Provided the joint concrete is well confined with the presence of horizontal and vertical 
reinforcement, a potential failure mode exists in which the concrete strut mechanism fails in 
compression.  This is an issue if the axial stress and/or the shear stresses, induced on the joint 
are significantly high.  In this situation, the shear stresses in the joint concrete are high enough 
to cause crushing and the joint is no longer able to provide the compression resistance required.   
 
Crushing of the joint zone concrete can become an issue at shear stress levels below the 
concrete compressive strength (  
 ), due to the effect tensile strains.  Concrete strength is 
generally tested with a cylinder in direct compression without any load cycling.  This subjects 
the concrete to only minor tensile strains due to Poison’s effect, where the concrete expands 
laterally, while in longitudinal compression.  However, in a cyclic event such as an earthquake, 
the concrete core of a beam-column joint is subjected to substantial tensile strains, where 
cracking through the joint core may be extensive.  This has been shown to significantly reduce 
the effective compressive strength of the concrete as shown in Figure 2.13 [17].  Figure 2.13 a) 
designates the notation for the orientation of the loading used, while showing the compressive 
stress-strain relationship.  Figure 2.13 b) shows the effect tensile strains have in degrading the 
compressive strength and Figure 2.13 d) shows how the compressive and tensile strains interact 
on the compressive strength.  This is the reason why limits are applied to the shear stress levels 
in beam-column joints, as is the case in the New Zealand Concrete Structures Standard [47, 49], 
which limits the horizontal joint shear stress (   ) to       
 . 
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A typical hysteresis showing this type of failure is shown in Figure 2.14, with the associated 
damage at failure shown in Figure 2.15.  In this example the joint zone is no longer able to 
sustain the joint shear force in the second cycle to displacement ductility 4.  This hysteresis 
shows the typical behaviour associated with this failure mode, with a relatively sudden 
reduction in the maximum sustainable joint shear force, representing the brittle nature of the 
concrete crushing.  Also typical is a reduced stiffness, which is represented by the gradient in 
this hysteresis plot, associated with the loss of dimensional stability of the joint.  Final failure of 
the joint is evident when the joint is unable to maintain the required shear force, despite 
increases in displacement, reaching a plateau (near zero stiffness), or actually losing shear 
resistance (negative gradient). 
 
 
Figure 2.13: Stress – strain relationship of concrete, accounting for cracking [17] 
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Figure 2.14: Hysteretic response showing joint zone crushing [37] 
 
 
Figure 2.15: Failure of a joint with crushing of the compression strut [37] 
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2.5.2 Joint Tensile Failure 
In situations where the stresses induced on the joint zone are not high enough to cause crushing 
of the concrete, as described in the previous section, the likely failure mode is a loss of 
confinement of the joint zone concrete, leading to tensile failure. 
 
During earthquakes, the joint is subjected to repeated load reversals, which induces cracking 
within the concrete and prevents the concrete from transferring tensile forces.  In order to 
maintain equilibrium within the joint, the tensile forces need to be transferred through the joint 
reinforcement.  Cracking of the joint concrete activates this reinforcement and shifts the 
distribution of shear from the concrete strut mechanism to the truss mechanism.  If the shear 
force distributed to the truss mechanism is high enough to yield the joint reinforcement, then 
this results in a loss of confinement to the joint concrete.  As shown in Section 2.2.3, the joint 
reinforcement is only subjected to tensile loading, and continual increases in joint shear will 
permanently deform the reinforcement.  This process reduces the confinement to the joint core, 
degrading the stiffness of the joint and eventually the joint will deteriorate.  Considering this, it 
is desirable to limit the yielding of the joint reinforcement such that confinement of the joint is 
not jeopardised. 
 
A typical hysteresis showing tensile failure of the joint region is shown in Figure 2.16 with the 
corresponding damage at failure, shown in Figure 2.17.  Tensile failure of a joint zone is 
typically more ductile than concrete compression failure due to the yielding of the joint 
reinforcement.  This is shown in Figure 2.16 by a more gradual reduction in joint shear 
capacity, compared to the brittle failure mode evident in Figure 2.14.  There is often a pinching 
of the hysteresis in this failure mode, in which the stiffness is reduced in the low displacement 
sections of the loading cycles.  The section with a low stiffness (lower gradient) represents the 
opening and closing of cracks within the joint zone, in which deflection occurs with little 
resistance.  The sections of increased stiffness (steeper gradient) occur when these cracks have 
closed and the concrete is able to transfer forces across the newly closed cracks and the yielded 
reinforcement in the joint is reactivated.  Bond slip of the longitudinal beam bars also induces 
this pinching effect which can make it difficult to determine if the loss of stiffness in the joint is 
associated with bond slip and/or joint deformation.  Methods of determining if bond slip has 
occurred are discussed in Section 2.5.3.  Like the concrete strut compression failure, final 
failure is evident by a plateau in the hysteresis, which occurs when the joint is no longer able to 
maintain the required joint shear force, despite increasing deflections (near zero stiffness). 
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Figure 2.16: Hysteresis showing tensile joint failure [7] 
 
 
Figure 2.17: Failure condition of a joint with tensile yielding and loss of confinement [7] 
 
The chances of this failure mode occurring can be reduced by increasing the strength and 
quantity of joint reinforcement.  However, there is an upper limit to the usefulness of such 
reinforcement, as increased reinforcement will not assist in preventing compression failure of 
the concrete strut mechanism, while overly congesting the joint zone, therefore, affecting 
constructability and cost. 
 
 
Pinching of 
hysteresis 
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2.5.3 Bond Failure 
As previously stated in Section 2.3, the bond performance of the joint can affect the distribution 
of shear between the concrete strut mechanism and the truss mechanism.  If the bond strength is 
not exceeded, then the concrete in the joint is able to distribute the shear force to the truss 
mechanism.  However, if bond failure occurs and the beam bars are able to slip through the 
joint, then the truss mechanism is almost non-existent and the majority of the shear force is 
attributed to the concrete strut mechanism, as described in Section 2.3.5.   Figure 2.19 shows 
the distribution of forces within a joint after bond failure.  Assuming the unbounded region 
after bond failure provides no resistance (a simplification in this case as some resistance exists 
in the form of friction, see Figure 2.10), both     and     are applied to the concrete 
compression strut in the left hand side of the joint, in addition to    .  This increases the 
demand on the concrete strut mechanism and the overall failure mode will then be dependent 
on the confinement of the joint core.  When sufficient confinement is present in the form of 
joint shear reinforcement, then the increase in shear force attributed to the concrete strut 
mechanism may be enough to cause crushing of the joint zone concrete.  Alternatively, when 
the amount of joint shear reinforcement is lacking, the joint transverse reinforcement may yield 
in tension. 
 
Figure 2.20 shows an example of a beam-column joint, in which bond failure has occurred.  
Bond failure is accompanied by a pinching of the hysteresis, much like the case shown in 
Figure 2.16 for joint shear deformation.  This can make it hard to identify whether or not bond 
failure occurred in tensile joint failures, as it is difficult to determine whether the pinching is a 
result of joint deformation and/or bond slip.  In these situations, a lot can be deduced from the 
crack patterns within the joint.  If crushing in the corners is evident between the beams and the 
columns, as shown in Figure 2.21, then it is likely that bond failure has occurred.  Attribution of 
this cracking pattern to bond failure can be made by observing the damage of a beam-column 
joint with un-bonded longitudinal beam reinforcement, as shown in Figure 2.18 [33].  However, 
if the joint zone has multiple large diagonal cracks with spalling, and little to no cracking in the 
beams or columns, then it is likely that the joint deformations are attributing to the hysteric 
pinching.  If these cracks cross the longitudinal beam reinforcement, then the bond is likely to 
have degraded [60].  However, this is considered to be a joint failure with subsequent bond 
degradation, rather than bond degradation, inducing a joint shear failure.  Other sources of 
pinching can occur from beam and/or column flexural or shear failures, in which cracks in the 
beams and columns need to close prior to compression force transfer.  These sources are 
identifiable by observing the crack patterns in the plastic hinge regions. 
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Figure 2.18: Beam-column joint damage with un-bonded longitudinal beam reinforcement [33] 
 
Figure 2.19: Distribution of shear after bond failure 
 
In Figure 2.20, the pinching represents the bar sliding through the joint with minimal resistance 
(flat gradient), until the cracks in the concrete are closed allowing the concrete strut mechanism 
to develop.  The increased stiffness (steeper gradient) subsequently represents shear transfer 
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through the concrete strut mechanism.  The reduction in load carrying capacity is due to the 
degradation of the joint zone and/or connecting elements which are no longer able to resist the 
demand loading in their degraded state. 
 
Figure 2.20: Hysteretic behaviour, involving bond slip [37] 
 
 
Figure 2.21: Failure of a joint with bond slip of the beam bars and localised crushing [37] 
47  
 
Chapter 3 Influential Parameters and Mechanics 
3.1 General Parameter Introduction 
This Chapter examines some of the most influential parameters in reinforced-concrete, beam-
column joint design, which have been incorporated into a database for analysis.  Each 
parameter is discussed and a prediction is made on how changing each parameter might affect 
the performance of the beam-column joints. 
 
3.2 Performance Criteria 
As design methods for beam-column joints vary significantly around the world and changes 
have been made frequently, it is important to provide a method in which beam-column joints 
can be compared in a meaningful way. 
 
Paulay, Park and Priestley [59] originally introduced four design criteria for the desirable 
performance of beam-column joints, which they subsequently updated to the following five 
criteria [60]. 
 
1. The strength of the joint should not be less than the maximum demand corresponding 
to development of the structural plastic hinge mechanism for the frame.  This will 
eliminate the need for repair in a relatively inaccessible region and for energy 
dissipation by joint mechanisms, which undergo serious stiffness and strength 
degradation when subjected to cyclic actions in the inelastic range. 
2. The capacity of a column should not be jeopardized by possible strength degradation 
within the joint.  The joint should also be considered as an integral part of the column. 
3. During moderate seismic disturbances, a joint should preferably respond within the 
elastic range. 
4. Joint deformations should not significantly increase storey drift. 
5. The joint reinforcement necessary to ensure satisfactory performance should not cause 
undue construction difficulties. 
 
Capacity design, as described in Section 1.1, allows for satisfactory performance of criteria 1-4.  
However, they are often achieved at the expense of the 5
th
 criterion, by allocating large 
quantities of joint shear reinforcement. 
 
Considering the criteria presented by Paulay, Park and Priestley [59], the following two 
parameters are used throughout this thesis to judge the performance of a given beam-column 
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joint.  These performance indicators provide information into how well the joints performed 
during testing. 
 
1. The ratio of the maximum measured horizontal shear force in the column (       ), to 
the theoretical horizontal shear force in the column, associated with first yield in the 
beams (        ), is used as an indication of the joint’s shear strength.       is found by 
using Equation 2.6. Values of                ⁄      represent specimens in which the 
beam-column joint failed prior to the yielding of the connecting beams, whereas, values 
greater than 1.0 indicate specimens which achieved beam yielding.  Although the goal 
is to identify the horizontal joint shear strength, it is more appropriate to use the 
horizontal shear force measured in the column       .  Most researchers record the 
results as a hysteretic plot of column displacement and horizontal column shear, so 
values for the column shear can be directly read from their results.  This is common in 
practice as the horizontal shear force within the column can be measured directly from 
a load cell, either at the top or bottom of the column, whereas, it is more difficult to 
directly measure the shear force within the beam-column joint (   ).  By using the 
horizontal column shear force, any assumptions that have been made by the original 
researcher to calculate the horizontal joint shear force have been removed, allowing for 
a consistent determination of the joint shear force throughout this thesis. 
 
Current design follows the principles of capacity design, as outlined in Chapter 1.  The 
engineer typically designs a multi-storey frame such that the plastic hinges form in the 
beams; this was not always the case for pre-capacity design buildings.  By 
incorporating this horizontal shear strength ratio performance indicator 
                ⁄   into this thesis, an idea of the available strength of the beam-column 
joints in earthquake prone structures, can be made to assist in future retrofitting 
solutions. 
  
2. The nominal curvature ductility in the plastic hinge regions of the beams (  ) is used 
in this thesis, as an indication of the material strains of the joint.  Ductilities are often 
used as a measure of a structure’s ability to dissipate earthquake induced energy and 
are defined as a ratio of the deflection, rotation or curvature of the structure, or an 
element within the structure, at failure compared to the associated measurement at 
yield.  The level of ductility can be viewed as a scale of how brittle the failure of the 
structure or element is expected to be.  A low ductility represents a brittle failure mode 
which is undesirable as only a small amount of the earthquake energy can be dissipated 
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before failure.  A larger ductility represents a structure that is able to withstand larger 
deflections without losing load carrying capacity. 
 
The curvature ductility is preferred over the displacement ductility as it is difficult to 
predict the strains in the reinforcement and concrete during repeated cyclic loading [21, 
49].  This is because factors such as the length of yielding of the reinforcement or the 
spalling nature of concrete interact to give the overall structural performance.  By 
representing the material strain limits of the joint in curvatures, the complications 
involved in predicting displacement ductilities can be removed [21].  The method for 
determining    in this thesis is given in Appendix A. 
 
3.3 General Parameters 
3.3.1 Concrete Strength 
The concrete strength is one of the most influential factors regarding the shear strength of 
reinforced concrete beam-column joints.  Both the tension and compression strengths influence 
the overall joint shear performance. 
 
As discussed in Chapter 2, reinforced concrete beam-column joints have two distinct methods 
of failure: crushing of the joint core, due to excessive compressive stress on the joint and tensile 
failure of the joint core and shear reinforcement [60], with or without bond failure.  The 
compressive strength of concrete (  
 ) has been shown to have a significant influence on the 
concrete’s crushing behaviour [31], and is therefore, influential in the performance of the 
concrete strut mechanism.  It is intuitive that the higher the concrete strength, the larger the 
force that can be resisted before crushing occurs. 
 
The second mode of failure is a loss of confinement to the joint core, with tensile yielding of 
the concrete and stirrups.  The tensile strength of concrete is only a fraction of the compressive 
strength, which makes concrete susceptible to cracking.  Cracking is generally the first visible 
sign of degradation in the joint zone during an earthquake and is accompanied by a reduction in 
stiffness [31].  The tension reinforcement is only significantly stressed once strains in the 
concrete have induced cracking.  As shown in Section 2.5.1, the concrete compressive strength 
is reduced in the presence of tensile cracking.  Considering this, it is logical that the tensile 
strength of the concrete will have an effect on the shear performance of the joint. 
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A recent study [31], which compiled a database of previous reinforced concrete, beam-column 
connections, of varied designs and types, showed a strong correlation between   
  and the 
maximum shear stress sustained by the joint during testing.  In this study, an increase in 
concrete strength, led to an increase in joint shear strength.  An equally high correlation was 
noted between √  
  and the maximum shear stress, which implies a relationship with the tensile 
strength of the concrete, which is often estimated as a factor of √  
 .  This trend also showed an 
increase in √  
  led to an increase in joint shear strength. 
 
The concrete strength also has an effect on the bond performance of the reinforcement during 
an earthquake, covered in Section 3.6.3. 
 
Considering these effects, the performance of a beam-column joint, in terms of the maximum 
sustainable joint shear strength, is expected to increase as the compressive strength (  
 ) and/or 
tensile strength (function of √  
 ) increases. 
 
3.3.2 Beam to Column Width Ratio 
As shown in Section 2.4.4, the width of the columns      and the beams      can affect the 
performance of the joint by limiting the effective area of the joint.  Forces introduced into the 
joint from a beam which is narrower than the joint, will not utilise the full width of the joint, for 
shear resistance [6, 49, 60], as shown in Figure 2.12.  Considering this, it is predicted that a 
joint which has a high beam to column width ratio (     ) will be able to distribute the shear 
force more evenly through the joint, improving the shear performance of the joint.  Ratios 
greater than 1.0, i.e. where the beam is wider than the column, are not common in design and 
the results from specimens with ratios less than 1.0 should not be used to extrapolate values for 
these joints. 
 
3.4 Joint Parameters 
3.4.1 Horizontal Shear Reinforcement 
One of the most influential factors regarding joint shear strength is the amount of horizontal 
joint shear reinforcement present in the joint.  With increased cyclic loading, the joint concrete 
deteriorates and the proportion of the shear force carried by the concrete strut mechanism is 
reduced [60].  The cracking of the concrete activates the shear reinforcement in the joint, 
allowing the continuation of force resistance through the joint zone.  Therefore, increasing the 
amount of horizontal shear reinforcement in the joint, improves the shear strength of the joint.  
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However, it has been noted that there is an upper limit to how much shear reinforcement is 
useful within the joint [31], and it was stated that the increase in joint shear strength diminishes 
when adding additional joint shear reinforcement, above what is required for confinement.  
This suggests that the failure mode is no longer governed by the shear reinforcement and that 
another failure mechanism is preventing the joint shear stress from increasing. A possible 
situation is bond degradation along the longitudinal beam bars, in which the amount of force 
carried by the joint shear reinforcement reduces. 
 
One of the key design requirements suggested [60] is that the addition of shear reinforcement 
shall not impede the constructability of the joint.  Therefore, it is important to determine how 
much joint shear reinforcement is actually necessary when designing the typically congested 
reinforced concrete beam-column joints. 
 
In this thesis, the horizontal joint reinforcement ratio is represented by          
 , where      is 
the strength of the horizontal joint shear reinforcement, and     
  is the full horizontal joint 
shear force accounting for over-strength.  It is predicted that increasing the horizontal joint 
shear reinforcement ratio will improve performance, until an upper limit of reinforcement is 
obtained and failure from an alternative mechanism occurs. 
 
3.4.2 Joint Shear Stress 
It has been shown that the joint shear stress (   ) has a pronounced influence on the 
performance of the beam-column joint [31].   Consider two joints, both with the same joint 
detailing but one has beams with a higher moment capacity than the other.  As the shear stress 
in the joint is limited by the flexural strength of the connecting beams, the joint with the higher 
flexural capacity beams is subjected to higher joint stresses.  Higher joint stresses require a 
higher joint strength and if the joints are identically detailed; the joint with stronger beams is 
going to experience higher strains and degradation than the other joint. 
 
In order to directly compare the effect of the joint shear stress between beam-column joints, the 
shear stress needs to be put into perspective for each joint.  This is done in this thesis by 
normalising the joint shear stress (   ) by the concrete compression strength    
   and its square 
root (√  
 ).  It is predicted that joints that experience higher shear stress to concrete strength 
ratios are going to perform poorly compared to joints which have low stress ratios. 
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3.5 Column Parameters 
3.5.1 Intermediate Bars 
Any longitudinal reinforcement that is placed within the column, that is not in the outermost 
layers, in the plane of loading (the rows closest to the beam ends), as shown in Figure 3.1, are 
considered as intermediate bars within this thesis.  These intermediate bars are expected to 
influence the performance of the joint in several ways.  
 
 
A-A 
 
Figure 3.1: Column bar designation 
 
The intermediate bars provide a confining pressure to the joint, which assists in holding the 
joint together during an earthquake [60].  When the load on the concrete surpasses the tensile 
strength of the concrete; the concrete cracks.  In order to prevent the cracks from propagating 
and ensuring equilibrium of forces within the joint, the reinforcement bars are activated, and the 
bond force between the bars and the concrete allows the tension forces to transfer across the 
cracks.  The intermediate column bars behave in this manner to transfer the vertical component 
of the shear force in the joint [35, 55].  As forces are introduced into the joint through the 
columns and the beams, the shear force in the joint is transferred diagonally through the joint 
and reinforcement is required in both vertical and horizontal directions [49, 55, 60].  If either 
the horizontal or vertical reinforcement is lacking, then cracking occurs and propagates, causing 
the stiffness of the joint to reduce, which can lead to failure of the joint.  With this in mind, the 
strength, area and layout of the vertical reinforcement passing through the joint is expected to 
have an effect on the shear performance of the joint.  Typically, the column intermediate bars 
A A 
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provide the vertical strength required without the addition of vertical stirrups, which can be 
difficult to implement in the construction process. 
 
Additionally, the intermediate column bars help improve the bond conditions for the beam 
longitudinal bars, which are anchored within the joint.  Consider the following example, with 
reference to Figure 3.2 and Figure 3.3. 
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Example without Intermediate Bars 
 
 
Figure 3.2: Forces acting on the joint core, 
with no intermediate bars 
In the example shown in Figure 3.2, the 
neutral axis in the column above the joint, 
is positioned toward the compression side, 
(the left side with this loading orientation), 
with the associated neutral axis in the 
column below the joint, toward the right.  
Therefore, a large proportion of the 
columns are in tension.  Considering 
concrete’s low tensile strength, this leads to 
the formation of cracks in the column 
similar to those shown in Figure 3.4.  As 
these cracks propagate they follow the path 
of least resistance, which is typically along 
the beam longitudinal bars, anchored in the 
joint [60].  This can cause a reduction in 
bond strength along the bar and an 
associated reduction in joint stiffness. 
Example with Intermediate Bars 
 
 
Figure 3.3: Forces acting on the joint core, 
including intermediate bars 
The addition of the intermediate bars has a 
similar effect as the addition of extra 
flexural reinforcement. This extra 
longitudinal reinforcement increases the 
tensile capacity of the column in flexure, 
and therefore, the neutral axis shifts toward 
the centre of the column, toward the tension 
side to increase the compression force 
involved in the moment couple, as shown 
in Figure 3.3.  This decreases the 
proportion of the column in tension, which 
reduces the length of the cracks, as shown 
in Figure 3.5.  This in turn, reduces the 
degradation of bond on the longitudinal 
beam bars, improving the joint’s 
performance during an earthquake. 
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Figure 3.4: Example crack profile in 
columns, with no intermediate bars 
 
Figure 3.5: Example crack profile in 
columns, with intermediate bars present 
The shifting of the neutral axis to increase the compression proportion also increases the size of 
the strut in the joint.  The larger the strut, the more shear force it can carry, which reduces the 
demand on the bond in the beam longitudinal reinforcement and lowers the strain on the joint 
shear reinforcement. 
 
The layout of the intermediate bars is expected to have an effect on the bond performance of 
the longitudinal beam bars.  Consider two different reinforcement layouts, as shown in     
Figure 3.6, each providing the same area and strength of vertical reinforcement to the joint.  
The first layout has just one pair of intermediate reinforcement bars, positioned at the centre of 
the column.  The second has three evenly spaced pairs, of smaller diameter reinforcement, 
providing the same strength and total area as the first layout. 
 
During loading of the joint, the flexural moment induced on the column will cause tension and 
compression stresses within the column.  In the case of the single pair of reinforcement, the 
bars may be positioned close to the neutral axis.  In this case the tensile stresses at the location 
of the intermediate bars are relatively low, and the bars may not be required at all if the 
concrete does not crack over the reinforcement.  This layout leaves an area of the column, 
between the centre and the right hand end of the column, where the tensile stresses are more 
demanding, unconfined and susceptible to cracking. 
 
 
56  
 
 
Figure 3.6: Varied intermediate column bar layouts, with flexural stress profile 
 
By decreasing the size of the bars and spreading these bars evenly between the end bars, the 
confining pressure is improved within the tensile side of the column. This reduces the 
likelihood of the tensile cracking propagating along the longitudinal beam reinforcement, 
therefore, maintaining bond.  Without this bond between the longitudinal beam bars and the 
joint concrete, the truss mechanism cannot be utilised as described in Section 2.3 and expanded 
further in Section 3.6. 
 
Increasing the strength and number of intermediate bars passing through the beam-column 
joints is expected to improve the performance of the joint, by improving the bond conditions, 
whilst facilitating the vertical requirements of the truss mechanism.  It is likely that there is an 
upper limit to the quantity and strength of the bars as other failure modes will become 
prominent.  Throughout this thesis, the quantity of intermediate reinforcement present in a joint 
is represented by         
 ⁄ , which is the ratio of the strength of all intermediate column bars 
passing through the joint, to the maximum theoretical vertical shear force in the joint.  Due to 
the sometimes complicated orientation and variety of intermediate bar strengths and diameters 
present within a single joint, the spacing and numbering of bars is not considered in the 
database. 
 
3.5.2 End Bars 
The primary function of the column end bars, as labelled in Figure 3.1, is to provide flexural 
strength in the columns.  The goal of strong-column, weak-beam design is to allow the plastic 
hinges to form in the beams rather than the columns during an earthquake [60].  This allows for 
a more ductile response of the structure and eases repair.  In this situation, the beams are 
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expected to yield, which limits the shear force entering the joint.  This also limits the moment 
demand on the columns, reducing the likelihood of plastic hinges forming in the columns. 
 
Just like the beam longitudinal reinforcement, the column end bars transfer their forces into the 
joint through bond.  This means that the end bars are introducing the vertical force into the 
joint, and therefore, cannot be considered as effective vertical joint shear reinforcement, in the 
same way that the longitudinal beam bars are not considered as horizontal joint shear 
reinforcement.  However, the end bars can influence the performance of the joint by improving 
the bond of the longitudinal beam bars through improved confining pressure.  An increase in 
column end bar strength, reduces the tensile strain on the column bars, which improves the 
bond on the longitudinal beam bars [19]; provided the column bars do not yield, in a column 
sway mechanism or mixed sidesway mechanism as described in Section 1.1. 
 
For this thesis, the strength of the end bars is represented by               ⁄ .  This is the ratio 
of the maximum theoretical moment in the columns, corresponding to the loading situation 
when the longitudinal beam bars have attained over-strength through strain hardening 
         , to the first yield moment of the columns           .  In this case the first yield 
moment is considered as the moment at which the outermost layer of reinforcement in the 
columns yields.  This effectively represents how stressed the column end bars are likely to get 
during an earthquake.  If this ratio is greater than 1.0, then the column end bars are expected to 
yield, therefore, reducing the confining pressure they apply to the longitudinal beam 
reinforcement.  This leads to increased bond stress and eventual bond failure, and as such, 
joints which have a ratio below 1.0 are expected to perform more favourably than those with a 
ratio greater than 1.0. 
 
3.5.3 Axial Load 
Studies appear to be divided when it comes to determining whether the addition of a column 
axial load     assists [1, 58, 60], reduces [32] or has no effect [8, 31, 32] on the shear strength 
of the joint.  It is likely that the effect of the axial load depends on its magnitude.  Moderate 
levels of axial load, less than 0.3  
 , appear to improve confinement and shift the distribution of 
loads to the strut mechanism [34, 38].  Higher axial loads, greater than 0.3  
 , may raise the 
stresses in the joint to such a level that a crushing failure of the concrete strut mechanism 
becomes an issue.  Irrespective of whether or not the axial load directly assists the shear 
strength of the joint, the axial load does provide a confining pressure to the longitudinal beam 
bars [19].  Much like the addition of intermediate column bars, the axial load shifts the neutral 
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axis, increasing the proportion of the joint in compression [58].  This improves the bond 
conditions for the beam longitudinal reinforcement. 
 
Within this thesis, the axial load is represented by    
   ⁄ ; where   is the axial load on the 
column, and    is the gross area of the column. 
 
3.5.4 Neutral Axis Depth 
All of the parameters shown in Sections 3.5.1 - 3.5.3 have an effect on the neutral axis depth of 
the column.  Considering this, it is appropriate to consider the neutral axis depth of the column.  
To keep this factor dimensionless, the neutral axis depth is considered as a ratio of the full 
depth of the column,    ⁄ .  Where   is the theoretical depth of the column in compression, 
when the joint shear is at its peak, i.e. at strain hardening of the beam reinforcement. 
 
Due to the influence of the column axial load (   
   ⁄ ), this factor is likely to show improved 
confining pressure and bond performance for moderate values.  However, when the axial load 
becomes larger than 0.3  
  and      increases, the performance of the joint is likely to decrease 
as failure of the concrete strut may become an issue [34, 38]. 
 
3.6 Bond Parameters 
The following parameters are likely to influence the bond strength of the reinforcement bars, 
and therefore, are expected to be influential on the performance of the beam-column joint zone. 
 
3.6.1 Reinforcement Profile 
As mentioned previously in Section 2.3.3, the presence of ribs on the longitudinal beam 
reinforcement improves bond.  However, this factor will not be considered in this thesis as 
round (un-ribbed) bars were not included as flexural beam reinforcement in this database. 
 
3.6.2 Confining Pressure 
The addition of confining pressure is expected to improve bond.  The mechanisms which 
provide confining pressure are described in Sections 3.5.1, 3.5.2 and 3.5.3. 
 
59  
 
3.6.3 Concrete Strength 
As stated in Section 3.3.1, the strength of the concrete is influential on bond performance.  The 
most likely failure mode regarding bond in beam-column joints is bar pull-out.  This is because 
the confining pressure and cover provided by the column restrains the cover concrete from 
splitting [29, 60].  As the bar is being pushed and pulled through the concrete, the ribs of a 
deformed bar bear on the concrete resisting the action.  This can cause crushing of the concrete 
immediately in front of the ribs and therefore, the compressive strength    
   influences this 
resistance [3, 25].  Additionally, during the pull-out action, the concrete between ribs has to be 
sheared to enable the pull-out to occur.  The pull-out resistance has been shown to be 
proportional to √  
 , which makes the pull-out resistance proportional to the tensile strength of 
concrete, as it too is proportional to √  
  [19, 25].  Considering the tensile strength is related to 
√  
 , it is acceptable to state that the resistance to bond pull-out improves as   
  increases. 
 
3.6.4 Casting-Water-Gain 
As stated in Section 2.3.6, the orientation of casting can influence the strength of the bond.  
However, this behaviour is not incorporated into the thesis as a parameter, as the majority of 
experimental reports do not state the orientation of casting; although it is predicted that joints 
cast horizontally will have superior bond strength to those cast vertically. 
 
3.6.5 Reinforcement Strength 
Bond forces are introduced into the joint by the beam or column longitudinal bars, with the 
maximum force being limited by the yield strength and associated strain hardening of these 
bars.  Clearly as the strength of the reinforcement increases, for a given size of bar, so too does 
the bond stress, and since the maximum shear in the joint is determined by the yielding and 
subsequent strain hardening of the longitudinal beam reinforcement, any increase in yield 
strength of reinforcement (  ) is going to increase the risk of bond failure.  It is possible that 
this relationship will be non-linear.  Higher grade reinforcement induces larger strains on the 
concrete at yield compared to lower grade reinforcement.  This means that the concrete will 
have degraded further at the yielding of the reinforcement, therefore, reducing the effective 
concrete strength of the beam-column joint, as shown in Figure 2.13. 
 
Additionally, with the yield curvature of the beams being given by        −  ⁄ , where    
is the yield strain of the longitudinal reinforcement within the beam,   is the effective depth of 
the beam and   is the neutral axis depth of the beam at first yield; the yield displacement and 
curvature are increased when higher strength reinforcement is used [52].  Therefore, when the 
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structural system reaches the failure curvature, which is generally governed by the concrete, the 
displacement ductility and curvature ductility are reduced [12, 52, 56], which is undesirable in 
capacity design.  Previous investigations into the use of Grade 500 steel in interior beam-
column joints have resulted in recommendations for using Grade 300 reinforcement for the 
longitudinal beam reinforcement, based on the detrimental effect on ductility and bond 
performance [24, 39, 52, 56]. 
 
For the purpose of this thesis, the yield strength of the reinforcement needs to be relative to the 
strength of the joint.  To facilitate this, whilst keeping the parameter dimensionless, the yield 
strength is considered as a ratio of the concrete compressive strength and the square root of the 
concrete compressive strength.  This gives the following factors,   
   ⁄  and √  
   ⁄ , and it is 
predicted that the higher the ratio of either factor, the better the bond performance. 
 
3.6.6 Reinforcement Spacing 
The effect of longitudinal column and beam bar spacing is more profound when confinement 
on such reinforcement is low.  This is because the cracks involved in splitting failure, as shown 
in Figure 2.7, propagate and overlap with the cracks from the surrounding longitudinal bars, 
degrading the strength of the surrounding concrete and reducing the bond strength.  However, 
in cases such as beam-column joints where the confinement of the longitudinal beam and 
column bars is substantial, pull-out is the likely failure mode and the effect of the spacing of 
these longitudinal bars is reduced.  Varying the bar spacing from 1   to 4   in well confined 
concrete, only provides an increase in bond strength of 20% and further increases in bar spacing 
have no effect on the bond strength [19]. 
 
It is also possible that a group of beam or column longitudinal reinforcement bars that are 
placed near each other, in a rectangular orientation may fail as a group, with the failure plane 
around the perimeter of the group, rather than around just one of the bars.  However, as many 
experimental reports fail to show the lateral spacing between the longitudinal beam and column 
reinforcement, this factor is not considered within this thesis.  It is however, predicted that 
beams and columns with larger spacing between the longitudinal bars will have an 
improvement in bond compared to beams and columns with closer spaced longitudinal bars. 
 
3.6.7 Embedment Length and Bar Diameter 
As shown in Section 2.3.6, the bar diameter (  ) to embedment length (  , in beam-column 
joints, prior to yield penetration) ratio is one of the most influential factors in bond design.  
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Increasing this ratio (     ) increases the bond stress on the bars and increases the risk of bond 
pull-out.  It is predicted that beam-column joints with lower ratios will perform better than 
joints with higher ratios. 
 
3.7 Beam Factors 
3.7.1 Flexural Reinforcement Ratio 
The flexural reinforcement ratio of the beams is given by       , where    is the area of the 
tensile beam longitudinal reinforcement,    is the width of the beam and   is the effective 
depth of the beam.  This ratio is likely to have an effect on the performance of the joint.  As 
shown in Chapter 2, the shear forces are introduced into the joint through compression and 
tension forces in the reinforcement and compression forces in the concrete.  If the strength of 
the joint is left unchanged, but the beams are strengthened by increasing the reinforcement 
ratio, then the demand on the joint increases, increasing the chances of a shear and/or bond 
failure.  Considering this, it is predicted that beams which have a lower beam reinforcement 
ratio will perform better than similarly detailed joints which have high beam flexural 
reinforcement ratios. 
 
3.7.2 Shear Reinforcement 
As shown in Section 2.3.6, the force demand on the longitudinal beam reinforcement is high in 
beam-column joints.  This requires the longitudinal bars to be confined against buckling and 
shear failures in the beams.  If adequate transverse reinforcement is provided in the beams, in 
the form of stirrups in the plastic hinge regions, then the chances of shear failure and buckling 
of the beam bars is reduced.  Although this does not directly relate to the shear strength of the 
joint, it does influence the hysteretic behaviour of the joint.  If significant shear deformations 
were to occur in the beams, then pinching of the hysteresis would occur.  By examining the 
transverse reinforcement ratio in the beams, it is possible to determine whether shear failure of 
the beams may have contributed to such pinching in the hysteretic force-displacement records 
of the beam-column joint. 
 
Additionally, the strut and tie model of the joint strut mechanism, shown in Figure 2.2, shows 
the beam shear reinforcement is necessary in providing an opposing force for the concrete 
compression strut within the joint.  If this shear resistance in the beams is not available, the 
concrete strut mechanism may fail. 
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It is expected that in joints that have transverse reinforcement that is stronger than the 
maximum likely shear demand in the beams, then the performance is going to be better than 
that of a joint which is lacking in transverse reinforcement.  However, an upper limit is 
expected in the usefulness of such reinforcement.  Providing more reinforcement than this 
upper limit will make no difference in the performance of the joint, as the failure mode will 
have been shifted to another mechanism.  Throughout this thesis, the ratio of beam shear 
reinforcement is represented by          ⁄ , where     is the provided shear force of the beams 
per unit length along the beam, assuming no contribution from the concrete in the beams, and 
       is the maximum shear demand on the beams after strain hardening of the longitudinal 
beam reinforcement. 
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Chapter 4 Parametric Investigation 
In order to identify which parameters, in design, interact to influence the performance of 
reinforced concrete beam-column joints, a parametric investigation is necessary.  This is done 
by compiling a database (Appendix C) of previously tested specimens [6, 7, 10, 18, 26, 28, 30, 
37, 40-44, 62, 64-69] and plotting these parameters against set performance indicators.  As 
mentioned in Section 3.2, the performance indicators are: 
 
 The ratio of the maximum horizontal shear force measured in the column, to the 
theoretical horizontal shear force in the column, at the point of first yield of the beams 
(               ⁄ )  
 The beam curvature ductility of the subassembly (  ). 
 
4.1 Data Collection 
To allow data to be directly comparable between specimens, and to maximise the use of 
existing test data, only specimens that meet the following criteria have been included in this 
database:  
 
 Interior two-way (transverse beams present) and exterior (one or two-way) frames have 
been excluded. 
 Specimens with floor slabs have been excluded. 
 Beams with relocated plastic hinge zones away from the column face have been 
excluded. 
 Detailing which results in strong beam, weak column behaviour has been excluded. 
 The beam-column joint must have been tested by applying cyclic displacements. 
 Specimens with special detailing, outside current NZS 3101[49] design have been 
excluded, e.g. bearing plates on the longitudinal beam bars. 
 
Data has been obtained from a variety of sources and includes designs from New Zealand, 
North America and Japan.  As this was not the first parametric investigation into beam-column 
joint design, as mentioned in Section 1.5, it was logical to start by collecting data from existing 
databases [8, 28, 31, 32, 36, 38].  To reduce sources of error in the data collection, these 
existing databases were only used as a source of references.  Only data that had been presented 
by the original researcher has been used in this thesis, as it would not be possible to tell if the 
values in such databases were the original raw data, or if assumptions had been made in 
processing the data.  Although many specimens were available from the existing databases, 
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only a fraction of these could be used due to: the criteria set above, the inability to source the 
original publications or a lack of information in the original documents.  To improve the data 
pool, individual papers that had not been included in these previous databases, were included, 
provided they met the above criteria.  This gave a larger representation of possible design 
scenarios and would ensure that the results of previous parametric analyses would not be 
repeated, simply by reusing the same data. 
 
In order to be used within this database the original researchers must have provided the 
following information: 
 
 All exterior geometric dimensions, for the beams and columns. 
 The layout of all reinforcement within the beams, columns and joint, including shear, 
longitudinal and transverse reinforcement.  The horizontal spacing of the flexural bars 
in the beams and the columns within the same row was not required, as this is not often 
reported and is unlikely to have a significant effect on the performance. 
 The measured yield strength of all reinforcement used. 
 The measured compressive strength of the concrete, in particular the strength of the 
joint, if multiple casts were performed. 
 The axial load on the column. 
 The loading scenario used. 
 Some form of hysteresis, showing the performance of the joint. 
 
To see how this data was stored see Appendix C. 
 
4.2 Data Processing 
In order to determine whether the parameters from Chapter 3 influenced the performance of the 
beam-column joints, plots of the parameters and performance indicators were required.  Each 
parameter has been plotted against each of the two performance indicators                 ⁄  
and   ) to see if a relationship exists.  To quantify this relationship linear correlation 
coefficients have been used.  Linear correlation coefficients provide an index which shows how 
varying a parameter, assigned the X axis of a plot, alters the performance on the Y axis, 
assuming the parameters are independent.  With respect to an X and Y plane data plot, the 
linear correlation coefficient is calculated as the covariance of the two random variables X and 
Y, divided by the product of the standard deviations of X and Y [5], i.e. 
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Equation 4.1 
 
The linear correlation coefficient has a range of values from -1.0 to 1.0.  The closer the 
correlation coefficient is to 1.0, the more the Y parameter increases linearly as X increases.  
Concordantly, the closer the correlation coefficient is to -1.0, the more the Y parameter 
decreases linearly as the X parameter increases.  Correlation coefficients close to 0 show no 
linear relationship between the X and Y parameters.  These relationships can be shown in 
Figure 4.1 for varied linear correlation coefficients [5]. 
 
 
Figure 4.1: Varied linear correlation coefficients [5] 
 
It is possible that such a relationship between X and Y is non-linear, in which case a poor linear 
correlation coefficient would be expected despite a clear relationship between the X and Y 
variables, as shown by Figure 4.1 e) and f).  In these cases a clear relationship exists, but as it is 
not linear the correlation coefficient is not able to represent the relationship mathematically.  
Consider the example in Figure 4.2, a clear relationship exists; however, it is non-linear.  
Manipulating the A variable to become A
3
 shows an improved relationship between the 
𝜌  𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛  𝑋,𝑌   
𝐶𝑜𝑣 𝑋,𝑌 
𝜎𝑋𝜎𝑌
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variables by increasing the linear correlation coefficient from         to      7 , as 
shown in Figure 4.3. 
 
  
Figure 4.2: Random variables A and Y 
 
  
Figure 4.3: Random variables A
3
 and Y 
 
To account for this effect, each parameter in this thesis has been varied by a power function, 
before and after calculating the linear correlation coefficient.  The power has been varied 
between -5.00 and 5.00 in increments of 0.01 until the maximum linear correlation coefficient 
was found.  The -5.00 to 5.00 range provides a wide range of powers, but if the power that 
provides the best correlation is outside this range, the range can be modified to suit that 
parameter. Powers outside of this range or very close to 0.00 are likely to be erroneous 
correlations, and are likely caused by numerical or population density errors. 
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In addition to the power manipulations, a correlation between a parameter and the performance 
indicator may be affected by another parameter.  To test this, multiple parameters need to be 
tested against the same performance indicator.  This has been done by using the product of the 
parameters to form a combined parameter.  Consider the example in Figure 4.3, although 
applying a power function of 3 to A improved the correlation significantly to      7 , it is 
evident that some other function is influencing the Y parameter.  Figure 4.4 shows the influence 
another random independent variable B
2 
has on the Y parameter and Figure 4.5 shows the true 
relationship the two parameters have on the Y parameter, resulting in a perfect linear 
correlation.  This example shows that one parameter is able to affect another independent 
parameter’s linear correlation coefficient and that multiple parameter interactions are required, 
in order to get the relationship between the parameters in Chapter 3 and the performance of the 
beam-column joint. 
 
 
Figure 4.4: Influence of B
2
 on a random parameter Y 
 
 
Figure 4.5: Influence of the combined multiple parameter on the random variable Y 
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This is an iterative process and a large number of permeations are possible between all the 
parameters in Chapter 3 and the performance indicators of the beam-column joints.  Include the 
power functions on each parameter, and the number of permeations becomes very large.  To 
approach this problem, the use of computational coding is required.  In this thesis a code within 
Microsoft Excel ™ has been used to calculate the correlation coefficient of all of the parameters 
multiplied together.  A spread-sheet containing all of the parameters of interest has been 
constructed from all of the specimens within the database (Appendix B).  Each parameter was 
given a power function and multiplied together to form one large combined parameter.  The 
purpose of the code was to vary the power of each function until the optimum correlation 
coefficient was found for the combined parameter and the performance indicator. 
 
Consider the following steps the code would make for calculating the linear correlation 
coefficient between three random and independent parameters (A
α
, B
β
, C
γ
) resulting in a single 
combined parameter (A
α
B
β
C
γ
) and one performance indicator (Y). Note that A, B, C and Y are all 
column vectors of values for each of the specimens considered: 
 
1. Start with α, β and γ = 0 as a baseline. 
2. Keeping β and γ fixed as 0 (i.e. Bβ and Cγ  = 1.0), vary α between -5.00 and 5.00 in 
increments of 0.01 and record the square of the linear correlation coefficient     .  The 
square is used to remove the discrepancy between negative and positive correlations.  
Record the value of α which results in the highest correlation coefficient between the 
combined parameter, (A
α
B
β
C
γ
)
 
and the performance indicator (Y). 
3. Keeping α and γ fixed as 0 (i.e. Aα and Cγ  = 1.0), vary β between -5.00 and 5.00 in 
increments of 0.01 and record the square of the linear correlation coefficient     .  
Record the value of β which results in the highest correlation coefficient between the 
combined parameter, (A
α
B
β
C
γ
)
 
and the performance indicator (Y). 
4. Keeping α and β fixed as 0 (i.e. Aα and Bβ  = 1.0), vary γ between -5.00 and 5.00 in 
increments of 0.01 and record the square of the linear correlation coefficient     .  
Record the value of γ which results in the highest correlation coefficient between the 
combined parameter, (A
α
B
β
C
γ
)
 
and the performance indicator (Y). 
5. After completing one cycle, in which the best values of α, β and γ have been found, 
identify which parameter resulted in the highest linear correlation coefficient, i.e. which 
parameter out of A
α
, B
β
 and C
γ 
showed the greatest correlation. 
6. For the second cycle, fix the parameter identified in step 5, and vary the powers of the 
other two parameters.  For example, if B
β 
had the greatest linear correlation of the three 
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parameters, the value of β recorded in step 3 is fixed such that Bβ does not vary during 
the second cycle.   
7. Keeping γ fixed at 0,vary α between -5.00 and 5.00 in increments of 0.01, and record 
the value of α which results in the highest correlation between the combined parameter, 
(A
α
B
β
C
γ
)
 
and the performance indicator (Y), (where B
β
 has been set from the first cycle 
and C
γ
  = 1.0). 
8. Keeping α fixed at 0, vary γ between -5.00 and 5.00 in increments of 0.01, and record 
the value of γ which results in the highest correlation between the combined parameter, 
(A
α
B
β
C
γ
)
 
and the performance indicator (Y), (where B
β
 has been set from the first cycle 
and A
α
  = 1.0). 
9. After completing the second cycle, identify which parameter resulted in the greatest 
improvement in linear correlation between the combined parameter, (A
α
B
β
C
γ
)
 
and the 
performance indicator (Y). 
10. For the third cycle, fix the parameter identified in step 9 and vary the powers of the 
other two parameters.  For example, if A
α
 had resulted in the greatest correlation in the 
second cycle, the value of α would be fixed such that Aα does not vary during the third 
cycle. 
11. Repeat steps 7-10, by varying the appropriate parameters and fixing the power of the 
parameter with the greatest increase in correlation from the previous cycle.  This is to 
be repeated  until the linear correlation coefficient no longer improves; resulting in the 
final values for α, β and γ, and therefore, the final value of the combined parameter 
(A
α
B
β
C
γ
). 
 
If the power for a particular parameter is 0, or within the range of -0.10 to 0.10 in the final 
solution, then that parameter has little to no effect on the performance of the beam-column 
joint.  In this case, these parameters were removed from the combined parameter, and the code 
was run again to re-determine the optimum linear correlation coefficient for the remaining 
parameters.  The final linear correlation coefficient is expected to be lower with these 
parameters removed, but the result is expected to be more appropriate, as the erroneous/less 
influential parameters have been removed.  This process was then repeated for the second 
performance indicator. 
 
Ideally, every combination of the parameters and powers would be checked to exhaustively 
identify which parameters are the most influential with regard to the performance of beam-
column joints.  However, with at least 14 parameters considered and the power of each 
parameter varied between -5.00 to 5.00 in 0.01 increments, the number of computations would 
surpass the ability of current computing power readily available. 
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The code used in this thesis attempts to find a solution based on performance, while 
significantly reducing the number of calculations required.  The premise of varying the order in 
which the powers of the parameters are fixed, based purely on which parameter results in the 
greatest improvement in correlation, provides an efficient solution while also attempting to 
remove any bias that may be introduced depending  on the order in which the parameter powers 
are varied and subsequently fixed. 
 
The results of the single parameter analysis are shown in Section 5.1 and the results of the 
multiple parameter analysis are shown in Section 5.3. 
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Chapter 5 Assessment of Database Parameters 
5.1 Single Parameter Analysis 
Before examining combinations of the parameters, the influence of each individual parameter 
on the beam-column joint performance is examined, for both the nominal curvature ductility of 
the beams (  ) and the ratio of measured horizontal column shear, to the theoretical horizontal 
column shear at beam yield, (               ⁄ ).  Each parameter is shown first without any 
power manipulation and then with the power which improved the linear correlation coefficient 
the most.  Plots of parameters including the power function are only shown where an 
appreciable increase in linear correlation has occurred. 
 
Throughout the results in this thesis the failure mode of the beam-column joint subassemblies 
are noted within the figures.  As stated in Chapter 1, previous researchers have categorised 
failures as B (shear or flexural beam failure with no joint shear failure), J (joint shear failure 
with no shear or flexural failure in the beams) or BJ (joint shear failure after beam shear or 
flexural failure).  However, these definitions are broad, and in order to recognise failure trends 
within the database, the following failure modes are considered within this thesis: 
 
 Beam Failure, flexural or shear failure of the beams with no bond failure between the 
longitudinal beam reinforcement and the joint concrete.  No joint shear failure is 
observed. 
 Bond Failure, flexural or shear failure of the beams with bond failure between the 
longitudinal beam reinforcement and the joint concrete.  No joint shear failure is 
observed. 
 Beam & Joint Failure, joint shear failure following flexural or shear failure of the 
beams with no bond failure between the longitudinal beam reinforcement and the joint 
concrete. 
 Bond & Joint Failure, joint shear failure following flexural or shear failure of the 
beams with bond failure between the longitudinal beam reinforcement and the joint 
concrete. 
 Joint Failure, joint shear failure prior to any other failure mode. 
 
Classification of the beam-column joints into the above five failure categories is 
judgemental and the following guidance has been used within this thesis: 
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 Observation of the crack patterns.  As stated in Section 2.5.3, a lot can be deduced from 
the crack patterns, especially when attempting to distinguish between bond failure 
modes and joint shear failures, both of which share similar hysteretic pinching. 
 Observation of the hysteretic behaviour plots.  The force-displacement plots recorded 
for the beam-column joint subassemblies can help to categorise failure modes.  
Section 2.5 describes which trends in the hysteretic behaviour can be attributed to 
which failure mechanisms. 
 The original researcher’s comments.  The original researcher observed the testing of 
the beam-column joint subassembly, and their observations can provide vital 
information regarding not only the overall failure mechanism, but also the events which 
led up to the final failure.  For example, crack locations and widths. 
 Reinforcement strain readings.  The reinforcement strain readings can provide guidance 
in determining whether or not the beam-column joint reinforcement experienced yield, 
and therefore, it can assist in identifying the potential failure regions of the 
subassembly.  This is particularly useful in distinguishing between the tensile and 
compression joint zone failure mechanisms identified in Chapter 2. 
 
The definition of a failure of the beam-columns joints used within this thesis is presented in 
Appendix A. 
 
5.1.1 Horizontal Shear Reinforcement Ratio 
The current New Zealand design of beam-column joints [49] does not consider joint zone 
stirrups that are outside the inner most longitudinal beam reinforcement (i.e. above the lowest 
upper beam longitudinal reinforcement and below the highest lower beam longitudinal 
reinforcement) or directly adjacent to these innermost beam bars, as being effective in 
providing horizontal joint shear strength.  Although it is conservative to assume that these bars 
are ineffective, NZS 3101 [49]  is vague when it comes to determining the distance from the 
innermost beam bars, in which the reinforcement becomes fully effective [49].  Lin [38] 
attempted to define the effectiveness of such reinforcement, with a profile based on the vertical 
depth within the joint core, between the innermost beam bars.  For the purposes of this thesis, 
the profile shown in Figure 5.1 is used to define the effectiveness of shear reinforcement, based 
on the distance from the innermost beam bars.  This profile is slightly less conservative than the 
profile presented by Lin [38], with the only variation being the effective stress of        
assumed directly adjacent to the innermost longitudinal beam reinforcement, compared to 
       in Lin’s profile [38]. 
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Figure 5.1: Assumed effective stress profile for reinforcement within the joint core 
 
This profile has been compiled from test specimens [7, 38, 64, 65] which recorded strain values 
within the joint stirrups, at set depths through the joint.  The profile has been fitted to this data, 
in such a way that the assumed effectiveness (     , where    is the likely stress that will 
develop within the reinforcement at such a depth, and    is the yield stress of the longitudinal 
beam reinforcement) is underestimated in the vicinity of the innermost beam bars, while still 
acknowledging that the majority of the stirrups have the ability to yield under a severe enough 
earthquake.  This has not been done statistically, but by judgement. 
 
The effectiveness of the reinforcement is given as: 
 
    ⁄          +    ⁄  when      ⁄ ≤     
    ⁄         when          ⁄      
    ⁄   −       +    ⁄  when     ≤     ⁄  
Equation 5.1 
 
where    is the depth from the innermost top longitudinal beam reinforcement in the beam, to 
row   of the horizontal joint shear reinforcement and    is the depth between the innermost 
upper and lower beam longitudinal reinforcement passing through the joint. 
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Two alternative ratios were considered in analysing the effect of the horizontal joint shear 
reinforcement on the performance of the beam-column joints: 
 
         
 ⁄ , the ratio of the full shear strength of all horizontal joint shear reinforcement 
provided within the joint zone, to the maximum horizontal shear force expected within 
the joint zone, regardless of the distance from the innermost longitudinal beam bars. 
 
          
 ⁄ , the ratio of the shear strength of the effective horizontal joint shear 
reinforcement provided, to the maximum horizontal shear force expected within the 
joint zone, as predicted using the depth-effectiveness profile provided in Figure 5.1. 
 
Of the two ratios,          
 ⁄  provided higher correlation coefficients than         
 ⁄ , which 
assumed all of the joint shear reinforcement was effective.  This suggests that any relationship 
between the horizontal joint shear reinforcement ratio and the performance of the beam-column 
joint, depends more on the quantity of effective reinforcement than the full amount within the 
joint zone. Considering this, only the analyses of the effective joint shear reinforcement ratio is 
presented within this thesis. 
 
Figure 5.2 to Figure 5.5 show the observed influence of the effective horizontal joint shear 
reinforcement ratio (         
 ⁄ ) to the nominal curvature ductility of the beams (  ) and the 
shear strength ratio                 ⁄  . 
 
Figure 5.2 shows a reasonable correlation between the effective horizontal joint shear ratio 
(         
 ⁄ ) and the nominal curvature of the beams (  ), with a correlation coefficient of 
    76 .  However, Figure 5.2 also shows that the relationship between the two parameters 
is non-linear, with a power less than 1.0, as the gains made by increasing the effective 
horizontal joint shear reinforcement diminish at larger values.  This is confirmed in Figure 5.3 
in which an optimum power of 0.31 has been applied to the effective horizontal joint shear 
reinforcement ratio, increasing the correlation coefficient to        .  This power of 0.31 has 
been chosen as it provides the highest linear correlation coefficient between the parameter 
(         
 ⁄ ) and the performance indicator (  ). 
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Figure 5.2: Influence of the effective horizontal joint shear ratio on the nominal beam curvature 
ductility for all failure modes 
 
Figure 5.3: Influence of the effective horizontal joint shear ratio on the nominal beam curvature 
ductility for all failure modes, with applied power function 
 
Figure 5.4 shows the extent of the non-linearity when comparing the effective horizontal joint 
shear reinforcement ratio (         
 ⁄ ) to the horizontal shear strength ratio                 ⁄  .  
This figure clearly shows that the effective horizontal shear reinforcement has a significant 
influence on the beam-column joint performance in terms of strength as all the specimens 
which failed in joint shear prior to beam yielding, had an effective horizontal joint shear 
reinforcement ratio less than 0.40.  Within this region of the specimens, a small increase in the 
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effective horizontal joint shear reinforcement ratio appears to make a significant improvement 
in the joint shear strength at failure.  However, this influence diminishes as the effective 
horizontal joint shear reinforcement ratio increases.  All the specimens with at least 0.40 
effective horizontal shear reinforcement ratios reached beam yielding, and all specimens with 
ratios above 1.00 did not experience joint failure.  This suggests that the current NZS 3101 [49] 
design limit of providing a minimum        
 ⁄  of 0.40 is valid and should remain unchanged.  
The diminishing effect of increased joint shear reinforcement is shown in Figure 5.5, in which 
the effective horizontal joint shear reinforcement ratio is manipulated by a -0.32 power, 
increasing the correlation coefficient from         to        . 
 
 
Figure 5.4: Influence of the effective horizontal joint shear ratio on the horizontal shear strength 
ratio for all failure modes 
 
0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.40
1.60
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00
V
co
l (M
/Y
b
) 
Vshpe/V*ojh 
Beam Failure
Bond Failure
Beam & Joint Failure
Bond & Joint Failure
Joint Failure
𝜌        
𝑉𝑠 𝑝𝑒 𝑉𝑜𝑗 
 ⁄  
77  
 
 
Figure 5.5: Influence of the effective horizontal joint shear ratio on the horizontal shear strength 
ratio for all failure modes, with applied power relationship 
 
Throughout the horizontal shear strength ratio                 ⁄   plots, the optimum power 
function is occasionally found to be negative.  This is because the relationship of interest is 
within the range of 0 to 1.00 for the horizontal shear strength ratio and once this ratio exceeds 
1.00, the data becomes scattered as the maximum shear strength ratio becomes a function of the 
over-strength capacity of the beams.  Considering the maximum observed shear strength ratio is 
1.40 as shown in Figure 5.4 and Figure 5.5, 71% of the data falls under 1.00.  This means that 
when the values of a parameter of interest are below 1.00 (on the x axis) for the range of shear 
strength ratio of 0 to 1.00 (on the y-axis), a negative power would be expected to amplify the 
influence of these values.  An example of this is shown in Figure 5.5, where the optimum 
power function is found to be -0.32.  Here the relationship is shown to be stronger for the joint 
shear failure mode, which is only approximately 20% of the range of values for the parameter 
in Figure 5.4.  The power of -0.32 inverts the parameter such that the joint shear force failure 
mode, now covers 70% of the full range of the inverted parameter in Figure 5.5.  This results in 
an improvement in the linear correlation coefficient as the portion of values which is 
responsible for the correlation, is now the emphasis of the plot, and all other failure modes 
which exceeded a horizontal shear strength ratio of 1.00 are compressed, therefore, reducing 
their influence on the observed relationship. 
 
It is evident throughout Figure 5.2 to Figure 5.5 that the effective horizontal joint shear 
reinforcement ratio (         
 ⁄ ) significantly influences the failure mechanism.  The majority 
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of the specimens with low reinforcement ratios, in the range of 0.40 and below, resulted in joint 
shear failure prior to beam yielding, with nine specimens failing in joint failure post-beam 
yielding and one specimen experiencing beam bond failure without joint failure.  Specimens 
with moderate reinforcement ratios, in the range of 0.40 to 1.00, resulted in a combination of 
either bond failure and beam degradation, or post-beam yielding joint failure.  Specimens with 
high reinforcement ratios greater than 1.00, showed no joint failure. 
 
It is also evident in Figure 5.2 to Figure 5.5 that increasing the effective horizontal joint shear 
reinforcement ratio (         
 ⁄ ) improves both the horizontal shear strength ratio 
                ⁄   and the nominal beam curvature ductility (  ).  However, there is a clear 
upper limit to the usefulness of such reinforcement, indicated by the plateau in gradient in 
Figure 5.4.  This plateau also corresponds to the point where the failure mode shifts from joint 
shear failures to beam failures.  This suggests that increases in horizontal joint shear 
reinforcement will improve performance while joint shear failure is a possibility, but once the 
joint is sufficiently reinforced and protected against shear failure, further increases are not 
likely to improve the performance of the joint.  Interestingly, Figure 5.2 shows that increasing 
the reinforcement ratio above 1.00 may still improve the nominal curvature of the beams and 
consequently the performance of the beam-column joint.  However, a possible explanation for 
this is that the whole beam-column joint may have been designed in such a way that all possible 
failure mechanisms are restrained by over-design of the specimen.  For example, additional 
shear reinforcement in the beams and columns to ensure shear failure is prevented.  Therefore, 
it is possible that the effective horizontal joint shear reinforcement ratio is no longer responsible 
for the improved ductility performance, but this cannot be identified without considering 
multiple parameters, as is done in Section 5.3. 
 
All the results of this analysis on the effective joint shear reinforcement ratio (         
 ⁄ ) 
confirm the predictions made in Section 3.4.1.  The joint shear reinforcement influences the 
performance of the joint but only to a certain point, when the failure mode shifts from joint 
zone shear failure to a beam failure mechanism.  This is not a clearly defined point, but instead 
a transitional zone exists between effective horizontal joint shear reinforcement ratios of 0.40 to 
1.00, suggesting other parameters are also influencing the beam-column joint performance. 
 
5.1.2 Vertical Joint Shear Reinforcement 
The vertical joint shear reinforcement parameter is based on the ratio of the axial strength of the 
intermediate column bar reinforcement at yield, as noted in Section 3.5.1, to the maximum 
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expected vertical joint shear force (       ⁄ ).  No influence was observed between the vertical 
joint shear reinforcement ratio and the nominal beam curvature ductility (  ) or the horizontal 
shear force performance indicator                 ⁄  , as shown in Figure 5.6 and Figure 5.7 
respectively.  The correlation coefficient for the nominal beam curvature ductility is        
and      7 for the horizontal shear force performance indicator.  Neither of these correlation 
coefficients improved by altering the power of the vertical joint shear reinforcement ratio, and 
no obvious trend is seen between the vertical joint shear reinforcement ratio and the failure 
mechanisms.  From the lack of any trends in either of the figures it is unlikely that the vertical 
joint shear reinforcement ratio has an effect on either of the performance indicators.  This result 
does not confirm the hypothesised behaviour, in which the performance of the beam-column 
joint was expected to improve in specimens which had a higher vertical joint shear 
reinforcement ratio, as stated in Section 3.5.1. 
 
 
Figure 5.6: Influence of the vertical joint shear ratio on the nominal beam curvature ductility for 
all failure modes 
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Figure 5.7: Influence of the vertical joint shear ratio on the horizontal shear strength ratio for all 
failure modes 
 
It is possible that other factors such as the spacing and bar diameter of the intermediate column 
bars may be more influential on the performance of the joint than the overall strength ratio of 
the reinforcement, but because of the sometimes complicated orientation of reinforcement and 
variety of bar diameters within a single column, these have not been considered within this 
analysis, as stated in Section 3.5.1. 
 
5.1.3 Column Axial Load 
The influence of the axial load on the column has been analysed using the normalised axial 
stress (   
   ⁄ ), where   is the axial load on the column,   
  is the concrete compressive 
strength and    is the gross sectional area of the column.  Figure 5.8 and Figure 5.9 show the 
influence of the axial load on the performance indicators.  Evident in these two figures is a 
weak correlation between the axial load applied to the column and the performance of the 
beam-column joint.  The correlation coefficient for the nominal beam curvature ductility (  ) 
is        , with the performance degrading as the axial load is increased.  The horizontal 
shear strength ratio                 ⁄   has a correlation coefficient of        . 
 
Evident for this parameter, is the trend that increasing the axial load ratio on the beam-column 
joint, has a detrimental effect on the performance.  The data within the axial stress 
(   
   ⁄ ) range of 0 to       
  is scattered and contains a variety of failure modes in the 
nominal beam curvature ductility performance indicator (  ) suggesting that axial stress in this 
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range is not influential in the overall performance of the beam-column joint.  However, above 
the       
 stress range, no specimen exceeds a nominal beam curvature ductility of 23 and all 
but one specimen has experienced failure in the joint zone.  This suggests that high axial 
stresses on the column, and consequently the joint, may be causing joint zone degradation, 
which limits the performance of the joint.    This trend is less evident in Figure 5.9, suggesting 
that the axial stress on the column does not influence the peak shear strength of the joint.  It is 
also possible that other more influential parameters are skewing the results such as the 
horizontal joint shear stress (   ).  A high horizontal joint shear stress combined with a high 
column axial stress is likely to be more detrimental to the joint zone than the case when one of 
these stresses is lower. 
 
 
Figure 5.8: Influence of the column axial load on the nominal beam curvature ductility 
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Figure 5.9: Influence of the column axial load on the horizontal shear strength ratio 
 
Specially shown in Figure 5.8 and Figure 5.9 are specimens which not only failed in the joint 
zone, but did so with crushing of the joint core.  It is of little surprise that this mode of failure 
coincides with the specimens which had the highest axial stress levels (   
   ⁄ ), greater than 
      
 .  This shows that the current NZS 3101 [49] value for the maximum allowable 
compression stress on a column during an earthquake, which is approximately   6   
 , may be 
un-conservative, considering this evidence shows crushing of the joint core can occur with an 
axial stress of       
 .  It is suggested that this factor should be investigated in more depth as 
crushing of the joint core is undesirable and results in a brittle failure mode. 
 
In addition, the negative trend on performance with increasing axial load is contrary to current 
NZS 3101 [49] joint design, which allows for an unrestricted reduction in the required amount 
of horizontal joint zone reinforcement       in the presence of an axial compression load    , 
until the limit of              is reached, where      is the horizontal joint shear reinforcement 
strength and     is the full horizontal joint shear strength.  It is believed that this theoretical 
benefit of an axial load on joint zone performance is unjustified based on the evidence seen 
here and in previous research [8, 31, 32]. 
 
5.1.4 Horizontal Joint Shear Stress 
The horizontal joint shear stress is analysed with two parameters,   
     ⁄  and √  
     ⁄ , 
where   
  is the concrete compression strength and      is the maximum horizontal joint shear 
stress corresponding to over-strength in the beams.  Figure 5.10 shows the influence the 
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normalized horizontal joint shear stress (  
     ⁄ ) has on the beam nominal curvature 
ductility (  ) with a correlation coefficient of     7  .  This correlation was improved to 
        by manipulating the horizontal joint shear stress ratio with a power of 0.40, as 
shown in Figure 5.11. 
 
 
Figure 5.10: Influence of the horizontal joint shear stress ratio on the nominal beam curvature 
ductility for all failure modes 
 
Figure 5.11: Influence of the horizontal joint shear stress ratio on the nominal beam curvature 
ductility for all failure modes, with applied power relationship 
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Figure 5.12 shows the influence the horizontal joint shear stress ratio (  
     ⁄ ) has on the 
horizontal joint shear strength ratio                 ⁄  .  A high correlation coefficient is 
observed with     7  .  The correlation is improved to         by applying a -0.54 power 
to the horizontal joint shear stress ratio, as shown in Figure 5.13. 
 
 
Figure 5.12: Influence of the horizontal joint shear stress ratio on the horizontal shear strength 
ratio for all failure modes 
 
Figure 5.13: Influence of the horizontal joint shear stress ratio  on the horizontal shear strength 
ratio for all failure modes, with applied power relationship 
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Figure 5.14 shows the influence the horizontal joint shear stress ratio, normalised by the square-
root of   
  (√  
     ⁄ ) has on the nominal beam curvature ductility (  ) with a correlation 
coefficient of        , which can be improved by applying a 0.34 power to the ratio to give 
      6, as shown in Figure 5.15. 
 
 
Figure 5.14: Influence of the horizontal joint shear stress ratio (normalised by √   ) on the nominal 
beam curvature ductility for all failure modes 
 
Figure 5.15: Influence of the horizontal joint shear stress ratio (normalised by √   ) on the nominal 
beam curvature ductility for all failure modes, with applied power relationship 
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Figure 5.16 shows the influence the horizontal joint shear stress ratio (normalised by √   ) has 
on the horizontal shear strength ratio                 ⁄  , with a high correlation coefficient of 
    7  , which is improved by applying a -1.22 power to the ratio, to give        , as 
shown in Figure 5.17. 
 
 
Figure 5.16: Influence of the horizontal joint shear stress ratio (normalised by √   ) on the 
horizontal shear strength ratio for all failure modes 
 
Figure 5.17: Influence of the horizontal joint shear stress ratio (normalised by √   ) on the 
horizontal shear strength ratio for all failure modes, with applied power relationship 
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Some clear trends can be observed from the figures depicting the influence of the horizontal 
joint shear stress ratios (√  
     ⁄        
     ⁄ ): 
 
 The joint shear stress appears to influence the performance of the beam-column joint 
significantly.  This is as predicted, as the specimens that are subjected to higher loading 
demands in the form of horizontal joint shear stress, have performed poorer than those 
subjected to lower joint shear stresses. 
 
 The joint shear stress ratio influences the shear strength ratio                 ⁄   greater 
than the nominal beam curvature ductility (  ).  The correlation is higher in all the 
shear strength ratio figures compared to the associated nominal beam curvature 
ductility figures. 
 
 The tension stress ratio (√  
     ⁄ ) shows higher correlation to both of the 
performance indicators than the compression stress ratio (  
     ⁄ ). 
 
 The failure mode is influenced by the horizontal joint shear stress 
ratios (√  
     ⁄        
     ⁄ ).  In all of the figures regarding these horizontal joint 
shear stress ratios, there is a clear gradient in failure mode.  The lower the joint shear 
stress is, the less likely joint shear failure is, with all of the beam degradation and bond 
failure mechanisms occurring in joint shear stress ratios of   
    ⁄      and 
√  
    ⁄      .  As the joint shear stress increases, there is a transition from non-joint 
shear failures to failures including joint shear after beam yielding.  As the shear stress 
ratios decrease further to   
    ⁄      and √  
    ⁄      , the only failure mode 
observed is joint shear failure, as the shear stresses have caused the joint to fail before 
the beams have reached yielding loads.  This is as predicted, as joints with a higher 
demand on the horizontal joint shear stress are more likely to fail in horizontal joint 
shear than any other mechanism considered in this thesis. 
 
The joint shear stress ratios have the highest correlation coefficient out of all of the 
parameters considered in this thesis, suggesting that they are the most influential design 
consideration in how a beam-column joint will perform, regarding horizontal shear 
strength, nominal beam curvature ductility and failure mode. 
 
88  
 
5.1.5 Beam Shear Reinforcement 
In order to analyse the influence of the beam shear reinforcement on the performance of the 
beam-column joints the          ⁄  parameter was used, where     is the tensile strength of the 
shear reinforcement provided, per unit length along the beam, and        is the maximum 
expected shear demand on the beam, per unit length along the beam assuming the concrete does 
not contribute to the shear strength.  There appears to be a poor correlation between the beam 
shear reinforcement ratio and the performance of the beam-column joint as evident from the 
correlation coefficients      6  for the nominal beam curvature ductility (  ) shown in 
Figure 5.18 and         for the horizontal shear strength ratio                 ⁄   shown in 
Figure 5.19.  Manipulating the beam shear reinforcement ratio made no discernible 
improvement on the correlation coefficients. 
 
 
Figure 5.18: Influence of the beam shear ratio on the nominal beam curvature ductility for all 
failure modes 
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Figure 5.19: Influence of the beam shear ratio on the horizontal shear strength ratio for all failure 
modes 
 
Although both figures show a marginal increase in performance as the shear reinforcement 
content (         ⁄ ) is increased, the correlation is so poor that it is not possible to draw any 
conclusions from this data.  As shown in Section 5.1.4, the performance is heavily dependent 
on the horizontal joint shear stress (   ), and it is unlikely that increasing the beam shear 
reinforcement ratio is going to prevent or delay joint failure to an observable degree. 
 
5.1.6 Bar Diameter and Column Depth 
The design for bond conditions within beam-column joints are often presented in terms of a 
ratio of the maximum longitudinal beam reinforcement diameter, to the depth of the column in 
the plane of loading      ⁄  .  Figure 5.20 shows a weak correlation between the bar diameter 
to column depth ratio and the nominal beam curvature ductility (  ), with a correlation 
coefficient of         .  Figure 5.21 also shows a weak correlation between the bar diameter 
to column depth ratio and the horizontal shear strength ratio                 ⁄  , with a 
correlation coefficient of      6 .  Manipulating the ratio with a power function made no 
increase in the correlation on either of the performance indicators. 
 
There appears to be no relationship between the bar diameter to column depth ratio      ⁄   
and the failure mode of the beam-column joint.  Specimens which are reported to have bond 
failure in the longitudinal beam bars are scattered across the full range of values, including the 
highest column depth to bar diameter ratio.  This shows that either bond is not a governing 
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factor on the nominal curvature ductility of the beams (  ), or the horizontal shear strength 
ratio                 ⁄  , or bond conditions are governed by additional factors such as axial 
load     and reinforcement grade.  Although both relationships show an increase in 
performance with increased column depth to bar diameter, as hypothesised in Section 3.6.7, the 
poor correlation coefficient prevents a conclusive relationship. 
 
 
Figure 5.20: Influence of the longitudinal beam bar diameter to the column depth ratio on the 
nominal beam curvature ductility for all failure modes 
 
Figure 5.21: Influence of the longitudinal beam bar diameter to the column depth ratio on the 
horizontal shear strength ratio for all failure modes 
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5.1.7 Beam Reinforcement Yield Strength 
To analyse what influence the yield strength of the longitudinal beam reinforcement has on the 
performance of the beam column joint, two parameters were considered,   
   ⁄      √  
   ⁄ , 
where   
  is the compressive strength of the concrete and    is the yield strength of the 
longitudinal beam reinforcement .  Similar to the parameters in Section 5.1.4 for the horizontal 
joint shear stress, these parameters are used to consider both compression and tension 
influences on the beam-column joint performance.  Figure 5.22 shows the influence the 
longitudinal beam reinforcement yield stress ratio (  
   ⁄ ), has on the nominal beam curvature 
ductility (  ), with a correlation coefficient of      67.  This correlation is not improved by 
any manipulation of the power. 
 
The influence of the longitudinal beam bar reinforcement yield stress ratio (  
   ⁄ ), is stronger 
on the horizontal shear strength ratio                 ⁄  , as shown in Figure 5.23, with a 
correlation coefficient of     6  .  Figure 5.24 shows that this correlation can be improved 
by manipulating the reinforcement yield stress ratio by a power of -2.22 to give a correlation 
coefficient of        . 
 
 
Figure 5.22: Influence of the longitudinal beam reinforcement yield stress ratio on the nominal 
beam curvature ductility for all failure modes 
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Figure 5.23: Influence of the longitudinal beam reinforcement yield stress ratio on the horizontal 
shear strength ratio for all failure modes 
 
 
Figure 5.24: Influence of the longitudinal beam reinforcement yield stress ratio on the horizontal 
shear strength ratio for all failure modes, with applied power relationship 
 
Figure 5.25 shows a good correlation between the longitudinal beam reinforcement yield stress 
ratio (normalised by √  
 ) and the nominal beam curvature ductility (  ).  The correlation 
coefficient of     6 6 is not improved by any manipulation of a power function. 
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Figure 5.25: Influence of the longitudinal beam reinforcement yield stress ratio (normalised by 
√   ) on the nominal beam curvature ductility for all failure modes 
 
Similar to the compression ratio (  
   ⁄ ), the tension ratio (√  
   ⁄ ), shows a stronger 
correlation to the horizontal shear strength ratio                 ⁄  , in this case resulting in a 
correlation coefficient of     6  , as shown in Figure 5.26.  Manipulating the power of this 
parameter by -1.25 allowed for an increase in the linear correlation coefficient to give             
    7  , as shown in Figure 5.27. 
 
 
Figure 5.26: Influence of the longitudinal beam reinforcement yield stress ratio (normalised by 
√   ) on the horizontal shear strength ratio for all failure modes 
0
10
20
30
40
50
60
0.000 0.005 0.010 0.015 0.020 0.025 0.030
μ
φ
 
f'c0.5/fy 
Beam Failure
Bond Failure
Beam & Joint Failure
Bond & Joint Failure
Joint Failure
0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.40
1.60
0.000 0.005 0.010 0.015 0.020 0.025 0.030
V
co
l (M
/Y
b
) 
f'c0.5/fy 
Beam Failure
Bond Failure
Beam & Joint Failure
Bond & Joint Failure
Joint Failure
√𝑓𝑐
 𝑓𝑦⁄  
√𝑓𝑐
 𝑓𝑦⁄  
𝜌    6 6 
𝜌    6   
94  
 
 
Figure 5.27: Influence of the longitudinal beam reinforcement yield stress ratio (normalised by 
√𝒇𝒄′ ) on the horizontal shear strength ratio for all failure modes, with applied power relationship 
 
The results for the longitudinal beam reinforcement stress ratios (𝑓𝑐
′ 𝑓𝑦⁄ ) and (√𝑓𝑐
′ 𝑓𝑦⁄ ), are 
similar to those of the horizontal joint shear stress (𝑣𝑜𝑗ℎ) parameters which are also normalised 
by 𝑓𝑐
′ and √𝑓𝑐
′.  This is logical when considering the forces introduced into the beam-column 
joints.  The demand on the horizontal joint shear stress is governed, in part, by the flexural 
capacity of the beams connected to the joint.  Therefore, increasing the yield strength of the 
flexural reinforcement in the beams has the potential to increase the flexural strength of the 
beams.  Therefore, the forces in the longitudinal reinforcement, which are anchored within the 
beam-column joint, will rise, increasing the magnitude of the force and horizontal joint shear 
stress that the joint must resist.  Also, as discussed in Section 3.6.5, the yield strength is directly 
related to the curvature ductility of the beams (𝜇𝜙).  Increasing the yield strength is expected to 
increase the yield curvature (𝜙𝑦), but not the ultimate curvature (𝜙𝑢) which is generally a 
function of the concrete compressive strength (𝑓𝑐
′), therefore resulting in a reduced beam 
curvature ductility (𝜇𝜙). 
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The trends evident in these figures are: 
 
 The performance of the beam-column joint in regards to both the nominal beam 
curvature ductility (  ) and the horizontal shear strength ratio                 ⁄  , 
decreases as the yield stress (  ) of the longitudinal beam reinforcement increases. 
 
 The influence of the reinforcement yield strength ratio is greater on the shear strength 
                ⁄   ratio than nominal beam curvature ductility (  ). 
 
 The failure mode is not governed by the yield stress ratio to the same extent as the 
horizontal joint shear stress.  Throughout the figures depicting the reinforcement yield 
stress ratio, the failure modes are scattered.  The joint failures prior to beam yielding do 
appear to have occurred in cases in which the yield stress ratios are high, but all other 
failure modes are scattered with varied ratios of yield stress.  This is most likely due, in 
part, to the variation in column dimensions, which contribute in the joint shear stress 
ratio.  This suggests that the horizontal joint shear stress is more influential, and 
therefore, is a more crucial design parameter for beam column joint shear failure than 
the longitudinal beam reinforcement yield stress. 
 
5.1.8 Longitudinal Beam Reinforcement Ratio 
There appears to be no relationship between the top to bottom  longitudinal beam reinforcement 
ratio     and the performance indicators, as shown in Figure 5.28 and Figure 5.29, with poor 
correlation coefficients         and        .  Manipulating the power of the ratio does 
not improve the correlation; most likely due to the large number of specimens that had equal 
top and bottom reinforcement quantities, but showed significant scatter in performance.  This 
lack of a trend confirms past research observations [38], which found no effect on the 
performance of the beam-column joint, with varied top-bottom reinforcement ratios. 
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Figure 5.28: Influence of the longitudinal beam reinforcement ratio on the nominal beam 
curvature ductility for all failure modes 
 
Figure 5.29: Influence of the longitudinal beam reinforcement ratio on the horizontal shear 
strength ratio for all failure modes 
 
5.1.9 Column Width to Beam Width Ratio 
Figure 5.30 and Figure 5.31 show the influence the beam width to column width ratio      ⁄   
has on the performance of the beam-column joint.  There appears to be little influence on the 
performance from this parameter with a correlation coefficient of         for the nominal 
beam curvature ductility (  ) and         for the horizontal shear strength ratio 
                ⁄  .  Modifying the parameters with a power function did not improve the 
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correlation coefficients, and no obvious trend is observed between the ratio and the failure 
mode.  This suggests that the beam width to column width ratio,      ⁄  , is not a governing 
factor in the shear performance of beam-column joints for the range of beam and column 
widths considered in this database. 
 
It should be noted that none of the specimens in this database were designed with the beams 
wider than the columns.  So behaviour of such designs should not be interpreted from this data. 
 
 
Figure 5.30: Influence of the beam width to column width ratio on the nominal beam curvature 
ductility for all failure modes 
 
Figure 5.31: Influence of the beam width to column width ratio on the horizontal shear strength 
ratio for all failure modes 
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The slight negative trend observed in both figures is the opposite of the predicted effect.  As 
stated in Section 3.3.2, the performance of the joint would be expected to increase as the beam 
width to column width ratio      ⁄   increases, as a greater area of the joint zone is effective 
in taking the shear loads.  However, this negative trend does appear to be a result of the joint 
shear failure mode specimens, which Sections 5.1.4 and 5.1.7 show are strongly influenced by 
the horizontal joint shear stress and the longitudinal beam reinforcement yield strength.  This 
suggests that these other parameters are altering the results of the relationships in Figure 5.30 
and Figure 5.31. 
 
5.1.10 Beam Tensile Reinforcement Ratio 
In order to determine whether the ratio of the area of tensile reinforcement to beam area 
influenced the beam-column joint performance, the      ⁄  parameter was analysed, where    
is the area of tensile longitudinal beam reinforcement,   is the width of the beam and   is the 
effective depth of the beam.  Figure 5.32 shows the influence the beam flexural reinforcement 
ratio has on the nominal curvature ductility (  ) with a correlation coefficient of        , 
which was subsequently improved in Figure 5.33 by applying a power of 1.98 to the 
reinforcement ratio to give        . 
 
 
Figure 5.32: Influence of the longitudinal beam reinforcement ratio on the nominal beam 
curvature ductility for all failure modes 
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Figure 5.33: Influence of the longitudinal beam reinforcement ratio on the nominal beam 
curvature ductility for all failure modes, with applied power relationship 
 
Figure 5.34 shows the influence the beam flexural reinforcement ratio       ⁄   has on the 
shear strength ratio                 ⁄  , resulting in a correlation coefficient of        , 
which was not improved with a power function. 
 
 
Figure 5.34: Influence of the longitudinal beam reinforcement ratio on the horizontal shear 
strength ratio for all failure modes 
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The only observable trends from these figures, is that specimens that have higher percentages 
of area reinforcement in the beam tend to have lower performances.  This is much like the 
horizontal joint shear stress and longitudinal beam reinforcement yield stress parameters, in 
which increased beam flexural strength, and therefore increased demand on the joint, degrades 
the beam-column joint performance.  Additionally, it appears that the joint failure modes are 
predominantly in the upper range of beam longitudinal reinforcement ratios, while the non-joint 
failures are in the lower range.  There is a transition between the two zones, but these figures 
suggest that higher beam reinforcement ratios may contribute to joint shear failure, as predicted 
in Section 3.7.1. 
 
5.1.11 Column Neutral Axis Depth 
The depth of the column compression zone at the maximum expected joint demand is analysed 
with     , where   is the neutral axis depth of the column, assuming the column remains 
elastic, and    is column depth in the plane of loading.  Figure 5.35 shows the influence the 
column neutral axis depth has on the nominal beam curvature ductility (  ), with a correlation 
coefficient of         and Figure 5.36 shows the influence on the horizontal shear strength 
ratio                 ⁄  , with       7.  Neither correlation coefficient improved with power 
functions. 
 
As with the column axial load parameter (   
   ⁄ ), the specimens which experienced joint 
crushing have been identified.  Since the      ratio is increased as the column axial load 
increases, as shown by Equation 2.21, the crushed joint specimens, which had the highest axial 
stresses, have high      ratios. Other than the joint crushing relationship, there does not appear 
to be any connection between the      and the remaining failure modes, evident from the wide 
range of values for each failure type, including bond failures in which an increase in      
would be expected to improve the confining pressure on the longitudinal beam reinforcement. 
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Figure 5.35: Influence of the column neutral axis depth on the nominal beam curvature ductility 
for all failures 
 
Figure 5.36: Influence of the column neutral axis depth on the horizontal shear strength ratio for 
all failures 
 
The negative relationship is as predicted for high axial loads, and therefore, high      ratios, 
when considering the risk of joint crushing.  However, there does appear to be a slight increase 
in performance as      increases from 0.20 to 0.30 before dropping, shown in Figure 5.35.  To 
check whether a higher order relationship existed, a quadratic function was considered of the 
form,        
 +        +  , where a, b and c are constants which result in the highest 
correlation.  The higher order function did improve the correlation on the nominal beam 
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curvature ductility performance indicator (  ) to        , but no improvement was made 
for the horizontal shear strength performance indicator                 ⁄  .  This slight gain in 
correlation is considered inconclusive under a single parameter analysis, when other more 
influential factors are likely to be altering the behaviour. 
 
5.1.12 Column Moment Ratio 
The ratio of the column moment at the maximum joint demand, to the yield moment of the 
column (               ⁄ ), is expected to give a representation of how stressed the column 
end bars will get during an earthquake.  Figure 5.37 shows the influence of the column moment 
demand/capacity ratio on the nominal beam curvature ductility (  ), with a correlation 
coefficient      7 .  This correlation coefficient does not improve with a power function 
suggesting a weak linear correlation.  Figure 5.38 shows the influence the column moment 
demand/capacity ratio has on the horizontal shear strength ratio                 ⁄   with 
    6  , which is improved with a power of 3.55 to give     66 , as shown in           
Figure 5.39. 
 
 
Figure 5.37: Influence of the column moment demand/capacity ratio on the nominal beam 
curvature ductility for all failure modes 
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Figure 5.38: Influence of the column moment demand/capacity ratio on the horizontal shear 
strength ratio for all failure modes 
 
Figure 5.39: Influence of the column moment demand/capacity ratio on the horizontal shear 
strength ratio for all failure modes, with applied power relationship 
 
As with previous parameters, there is a clear trend that increasing the demand/capacity ratio of 
a parameter reduces the performance of the beam-column joint.  This is logical for this 
parameter; when the column moment demand (       ) is increased relative to its theoretical 
yield moment of the column (        ), the expected strains in the column end bars, as defined 
in Section 3.5, are going to be greater, and therefore, the expected concrete strains in the joint 
zone are going to be larger, resulting in greater joint degradation. 
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5.2 Single Parameter Summary 
Table 5.1 and Table 5.2 summarise the results of the single parameter analysis.  √  
     ⁄  
showed the highest correlation on both performance indicators with an applied power of 0.34 
resulting in a correlation coefficient of       6 for the nominal beam curvature 
ductility (  ), and a power of -1.22 giving         for the horizontal shear strength ratio 
                ⁄  .  These results suggest that the performance of the beam column joint is 
heavily dependent on the horizontal joint shear stress. 
 
The horizontal joint shear reinforcement parameter (         
 ⁄ ) also shows a high correlation 
with         for the nominal beam curvature ductility (  ), and         for the 
horizontal shear strength ratio                 ⁄  .  This confirms the importance of joint shear 
reinforcement in designing beam-column joints to perform in earthquake events. 
 
The longitudinal beam reinforcement yield strength ratios (    
 ⁄  an    √  
 ⁄ ) and the beam 
reinforcement ratio       ⁄  , also showed high correlations for both performance indicators, 
due to the influence these factors have on the joint shear stress ratios. 
 
The remaining suspected bond performance parameters, (   
   ⁄ ,     ⁄ ,   an         ⁄ ), 
showed low influence on the performance of the beam-column joints individually.  However, it 
is possible that the more dominant parameters are skewing this trend, and a combination of the 
parameters will show improved correlation coefficients. 
 
The      parameter in Table 5.1 and Table 5.2 does not include the higher order functions 
suggested by Section 5.1.11, as other parameters are too influential on the overall performance 
of the beam-column joints to show an improved relationship between      and the performance 
indicators. 
 
  
105  
 
Table 5.1 Summary of parameters, applied powers and correlation coefficients for the nominal 
beam curvature ductility performance indicator 
  𝝁𝝓 
  Power Multiplier Correlation Coefficient 
√𝒇𝒄
′ /𝒗𝒋𝒉𝒐 
0.34 0.846 
𝒇𝒄
′ /𝒗𝒋𝒉𝒐 0.40 0.813 
𝑽𝒔𝒉𝒑𝒆/𝑽𝐣𝐡𝐨 0.31 0.811 
√𝒇𝒄
′ /𝒇𝒚 
1.00 0.686 
𝑨𝒔/𝒘𝒃𝒅 (%) 1.98 0.599 
𝒇𝒄
′ /𝒇𝒚 
1.00 0.567 
 𝒄/𝒉𝒄 1.00 0.502 
𝑴𝒄𝒐𝒍(𝒐/𝒚𝒄) 1.00 0.474 
𝑵/𝒇𝒄
′ 𝑨𝒈 1.00 0.405 
𝑽𝒔𝒑/𝑽𝒔𝒓𝒆𝒒𝒅 1.00 0.364 
𝒉𝒄/𝒅𝒃 1.00 0.310 
𝒘𝒃/𝒘𝒄 1.00 0.240 
𝜷 1.00 0.149 
𝑭𝒊𝒏𝒕/𝑽𝒋𝒗 1.00 0.130 
 
Table 5.2: Summary of parameters, applied powers and correlation coefficients for the horizontal 
shear strength ratio performance indicator 
  𝑽𝒄𝒐𝒍(𝑴/𝒚𝒃) 
  Power Multiplier Correlation Coefficient 
√𝒇𝒄
′ /𝒗𝒋𝒉𝒐 
-1.22 0.924 
𝒇𝒄
′ /𝒗𝒋𝒉𝒐 -0.54 0.901 
𝒇𝒄
′ /𝒇𝒚 -2.22 0.815 
𝑽𝒔𝒉𝒑𝒆/𝑽𝐣𝐡𝐨 -0.32 0.803 
√𝒇𝒄
′ /𝒇𝒚 
-1.25 0.795 
𝑴𝒄𝒐𝒍(𝒐/𝒚𝒄) 3.55 0.662 
𝑨𝒔/𝒘𝒃𝒅 (%) 1.00 0.512 
 𝒄/𝒉𝒄 
1.00 0.387 
𝒉𝒄/𝒅𝒃 1.00 0.363 
𝒘𝒃/𝒘𝒄 1.00 0.252 
 𝑵/𝒇𝒄
′𝑨𝒈 1.00 0.234 
𝜷 1.00 0.222 
𝑽𝒔𝒑/𝑽𝒔𝒓𝒆𝒒𝒅 1.00 0.151 
𝑭𝒊𝒏𝒕/𝑽𝒋𝒗 1.00 0.070 
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5.3 Multiple Parameter Analysis 
5.3.1 All Failure Modes 
The single parameter analysis was useful in determining whether a certain parameter had an 
effect on the performance of a beam-column joint, but it is not possible to determine how these 
parameters interact without a multiple parameter analysis.  The process outlined in Section 4.2 
has been followed resulting in the final combined parameters for all failure modes, presented in 
Figure 5.40 and Figure 5.41.  All parameters with a power function of less than 0.10 have been 
removed, as it is believed that their influence on the beam-column joint performance is 
marginal and is most likely a result of numerical error or coincidence, rather than an actual 
relationship. 
 
 
Figure 5.40: Combined parameter resulting in the highest correlation coefficient with the nominal 
beam curvature ductility 
 
As expected the final combined parameter resulting in the highest linear correlation, is made up 
of three of the single parameters which showed high single linear correlation, as shown in    
Table 5.1.  The linear correlation coefficient has increased from       6, for the highest 
single parameter, √  
     ⁄ , (where   
  is the compressive strength of the concrete and      is 
the maximum horizontal joint shear stress) to        , for the combined parameter presented 
in Figure 5.40.  The √  
     ⁄  parameter has had a marginal change in its power function, 
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changing from 0.34 in the single parameter analysis to 0.27 for the combined parameter.  
However, the √  
   ⁄  and          
 ⁄  parameters (where    is the yield stress of the 
longitudinal beam reinforcement,       is the effective strength of the horizontal joint shear 
reinforcement and     
  is the maximum horizontal joint shear demand) have had significant 
changes in the applied power functions, changing from 1.00 to 0.33 and 0.31 to 0.12 
respectively, showing that other parameters were in fact skewing the results of the single 
parameter analysis of Section 5.1.  The 0.12 power function for the horizontal joint shear 
reinforcement ratio (         
 ⁄ ), suggests that increasing the amount of horizontal joint shear 
reinforcement does not significantly increase the performance of the joint.  However, since this 
multiple parameter analysis is considering all modes of failure, this is expected.  It is unlikely 
that increases in horizontal joint shear reinforcement are going to alter the performance of a 
joint which is likely to fail in bond, flexure or shear within the beams, as shown by the reduced 
gradient within the beam failure modes, in Figure 5.2. 
 
The multiple parameter analysis has shown the non-linearity of the    ⁄  parameter, where   is 
the neutral axis depth in the column and    is the full depth of the column, as predicted in 
Section 3.5.4 and Section 5.1.11.  This quadratic factor is discussed in more depth in 
Section 5.4. 
 
There does appear to be a relationship between the failure mode of the beam-column joints and 
the combined parameter in Figure 5.40.  The joint shear failures appear to occur in cases where 
the parameter is at the low end of the scale, while the beam failures occur around the high 
parameter values.  There is, however, a large transition zone through the middle range of 
parameter values, as the failure mode shifts from joint shear, to joint shear after beam flexure, 
to beam failures, as the parameter increases.  Therefore, suggesting the higher the parameter 
value, the better the performance and the less likely a joint shear failure is of occurring. 
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Figure 5.41: Combined parameter resulting in the highest correlation coefficient with the 
horiezontal shear strength ratio 
 
As with the nominal beam curvature ductility performance indicator (  ), the combined 
parameter for the horizontal shear strength ratio performance indicator                 ⁄  , is 
made up of two of the single parameters, which displayed high linear correlation coefficients 
from Section 5.1.  The linear correlation coefficient has increased from         for the 
highest single parameter, to       7 by incorporating multiple parameters.  The √  
     ⁄  
parameter’s power has changed from -1.22 to -0.86 and the √  
   ⁄  parameter has changed 
from -1.25 to -0.38.  Also evident is the non-linearity of the    ⁄  parameter and consequently 
the    
   ⁄  parameter, which is discussed in more depth in Section 5.4.  The only parameter 
from the nominal beam curvature ductility combined parameter missing from this performance 
indicator is the horizontal joint shear reinforcement parameter,          
 ⁄ .  However, this is 
reasonable, since it had a power function of 0.12 in the nominal beam curvature ductility 
relationship.  During the analysis process for the horizontal shear strength performance 
indicator, the          
 ⁄  ratio did improve the linear correlation coefficient, whenever it was 
included.  It was not considered in the final result as its power was always below 0.05, 
suggesting a weak influence, if any. 
 
As with the nominal beam curvature ductility performance indicator, there does appear to be a 
relationship between the failure mode of the beam-column joints and the combined parameter 
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in Figure 5.41.  The joint shear failures occur at high values of the parameter, while the beam 
failures occur within the low end of the parameter values. 
 
The analyses of the beam-column joints considering all failure modes, shown in Figure 5.40 
and Figure 5.41 have considered all of the parameters from Chapter 3 and a selection of other 
parameters which were trialled during the analysis process.  These extra parameters, listed 
below, did not show any influence in either the multiple or single parameter analyses and as 
such were not included in detail within this thesis. 
 
   
  ⁄ , the depth of the column between the outermost column flexural reinforcement 
divided by the effective depth of the beam. 
       ⁄ , the area of intermediate column reinforcement divided by the gross area of 
the column. 
        ⁄ , the area of flexural column reinforcement divided by the gross area of the 
column. 
         ⁄ , the area of flexural and intermediate column reinforcement divided by the 
gross area of the column. 
     ⁄ , the aspect ratio of the column. 
     ⁄ , the aspect ratio of the beam. 
 
No relationship was noted with these parameters, but it is important to show that they have 
been considered and ruled out as potential improvements on the final correlation coefficients. 
 
5.3.2 Joint Shear Failures Only 
Although it is important to see values for the parameters which do not result in joint shear 
failures, the non-joint shear failures skew the behaviour and observed relationships of the joint 
shear failures.  Therefore, in order to understand which parameters are responsible for a joint 
shear failure, an analysis must be completed without the influence of the beam flexure, shear 
and bond failures in which the joint zone did not exhibit a shear failure.  The process of 
Section 4.2 has been repeated for just the specimens that experienced beam-column joint shear 
failure and the resulting combined parameters for the two performance indicators are shown in 
Figure 5.42 and Figure 5.43. 
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Figure 5.42:  Combined parametric result for the nominal beam curvature ductility performance 
indicator, considering only joint shear failures 
 
Removing the beam failures from the data has resulted in an increase in the linear correlation 
between the combined parameter and the nominal beam curvature ductility, going from 
        to        .  The increase in the power function of the horizontal joint shear 
reinforcement ratio (         
 ⁄ ) from 0.12 to 0.36 supports the trend that the joint shear 
reinforcement ratio is influential on the performance of the beam-column joint with regard to 
joint shear failure, but once joint shear failure has been prevented with adequate shear 
reinforcement, further increases are not going to be beneficial as the failure mode has shifted to 
the beams. 
 
The √  
     ⁄  parameter has had a significant change in its power function, changing from 
0.27 when considering all failure modes to 0.92 for just the beam-column joint shear failure 
modes, suggesting that this factor is more influential on joint shear failures.  This is expected, 
as the horizontal joint shear stress ratio is unlikely to have a significant effect on the beam 
failure modes, suggesting that these beam failure modes had skewed the results in the previous 
combined analysis, in Figure 5.40.  As the power of this horizontal joint shear stress parameter 
is the highest in the combined parameter, it is expected to have the greatest influence on the 
performance of the beam-column joint and is, therefore, a vital design consideration.  The 
0
10
20
30
40
50
60
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010
μ
φ
 
Beam & Joint Failure
Bond & Joint Failure
Joint Failure
 
𝑉𝑠 𝑝𝑒
𝑉𝑜𝑗 
  
0 36
 
√𝑓𝑐
 
𝑣𝑜𝑗 
 
0 9 
 
√𝑓𝑐
 
𝑓𝑦
 
0   
 −   7  
𝑐
 𝑐
 
 
+      
𝑐
 𝑐
   
𝜌        
5
th
 percentile 
111  
 
√  
   ⁄  parameter has also had a significant change in its power function, changing from 0.33 
to 0.88, suggesting the reinforcement strength has a considerable effect on the performance of a 
beam-column joint regarding shear failure. 
 
The quadratic function of the    ⁄  parameter has changed from the analysis of all failure 
modes and is shown in Section 5.4, to be significantly influential on the performance of the 
beam-column joints. 
 
 
Figure 5.43: Combined parametric result for the horizontal shear strength ratio performance 
indicator, considering only joint shear failures 
 
The combined parameter for the horizontal shear strength ratio has not changed significantly 
between the analysis for all failure modes, shown in Figure 5.41and the joint shear failures, 
shown in Figure 5.43.  The linear correlation coefficient has increased marginally from  
      7 to        , and no new parameters have been found to be influential.  However, 
the power function of the (√  
     ⁄ ) and (√  
   ⁄ ) parameters have dropped from -0.86 to     
-0.49 and -0.38 to -0.20 respectively.  Although the    ⁄  quadratic function appears to have 
changed significantly, the actual influence of this parameter is similar to the analysis case 
considering all failure modes.  This is discussed in more depth in Section 5.4.  The results of 
the parametric analyses on the shear strength ratio                 ⁄   suggest that the 
performance of beam-column joints are governed by a combination of the horizontal joint shear 
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stress (    ), the longitudinal beam reinforcement yield strength (  ) and the column neutral 
axis depth   (or column axial stress (   
   ⁄ )).  A more significant change might have been 
expected by the removal of the beam failure modes, but from Figure 5.41 and  Figure 5.43 it is 
evident that the largest variation, and therefore, governing section of the parameter, is within 
the joint shear failure zone.  The beam degradation and beam bond failure modes are all 
positioned within the low range of values of the combined parameter, and, because of the 
strong linear correlation of the analysis for all failure modes, the removal of these data points 
has had little effect, confirming the validity of the combined parameter. 
 
5.4 Column Axial Load Effect 
The results of the     ⁄   quadratic parameter for the four analyses of Section 5.3 are plotted on 
the Y axis of Figure 5.44, where   is the neutral axis depth of the column and    is the full 
depth of the column.  However, it has been scaled so that the maximum is given as 1.00 to 
show the result as a ratio rather than the actual absolute value.  This allows for a direct 
comparison between the four analyses cases: 
 
 Nominal beam curvature performance indicator (  ) considering all failure modes. 
 Nominal beam curvature performance indicator (  ) considering joint shear failures 
only. 
 Joint shear strength performance indicator                 ⁄   considering all failure 
modes. 
 Joint shear strength performance indicator                 ⁄   considering joint shear 
failures only. 
 
This effect can be manipulated to show how altering the axial load alters the performance, 
using Equation 2.21, shown in Figure 5.45.  These figures confirm the predictions that increases 
in axial stress at low axial stress levels (   
   ⁄      ) provide a slight increase in 
performance, but further increases in axial stress degrade the performance with axial stress 
levels above approximately       
 , resulting in a reduced performance compared to a joint 
with no axial load. Table 5.3 summarises the key points of Figure 5.44 and Figure 5.45. 
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Figure 5.44: Effect of      ⁄   on the performance of the beam-column joint as a function of    ⁄  
 
Figure 5.45: Effect of      ⁄   on the performance of the beam-column joint as a function of 
   
   ⁄  
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Table 5.3:      profiles for all four analyses 
  Optimum value Detrimental when greater than 
Performance Indicator Failures          
             
    
   All 0.38 0.15 0.51 0.31 
Joint Shear 0.35 0.12 0.46 0.25 
           All 0.42 0.20 0.60 0.41 
Joint Shear 0.45 0.24 0.65 0.47 
 
From these results, it can be concluded that an optimum      value of approximately 0.37 or 
column axial stress (   
   ⁄ ) of       
 , will provide the greatest improvement in beam-
column joint performance, considering the beam curvature ductility (  ).  However, once the 
     value exceeds 0.49 or a column axial stress of       
 , the effect of the axial load becomes 
detrimental on the performance of the joint.  When considering the joint shear strength ratio 
performance indicator                 ⁄  , the optimum      value of approximately 0.43 or 
column axial stress of       
  will provide the greatest improvement in beam-column joint 
performance, but increases in the      value above 0.63, or a column axial stress of       
  are 
expected to be detrimental to the performance of the joint.  Considering the beam curvature 
ductility is used as the material strain indicator for the beam-column joints within this thesis 
and that the horizontal shear strength ratio is used to determine the performance of beam-
column joints which failed in the joint alone, the values derived from the beam curvature 
ductility performance indicator are more significant to the design of beam-column joints.  
These values are also more conservative than the shear strength ratio values and as such are 
more appropriate in a design situation. 
 
A potential explanation for this observed non-linear behaviour is that within the range of axial 
stress up to       
 , the bond conditions on the longitudinal beam bars are improved with 
additional confining pressure within the column compression zone.  It would seem logical that 
further improvements in performance might be observed with increased joint confinement, but 
this is not the observed case and several factors may help explain this behaviour. 
 
 It is likely that the relationship between the improved bond conditions on the 
longitudinal beam bars and the column axial stress are non-linear with diminishing 
improvements.  As stated in Section 2.3, under cyclic loading events, yield penetration 
into the beam-column joint zone is going to cause bond failure, irrespective of the 
confining pressure conditions, if enough cycles are applied.  This helps to explain the 
effect column axial stresses up to       
  have on the bond performance, but further 
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increases may not provide additional improvements.  Research has also shown that 
increasing the column axial stress can speed up the rate of deterioration of the concrete 
around the longitudinal beam bars [34].  During bond failure of ribbed reinforcement, 
the concrete between the ribs tends to crush or shear off from the surrounding concrete 
and additional confining forces are going to increase the compression forces around 
these areas of the reinforcement, increasing the likelihood of crushing. 
 
 As the column axial stress increases, so too does the percentage of the vertical joint 
shear stress distributed to the concrete strut mechanism.  The presence of horizontal 
and vertical joint shear reinforcement controls the cracking within the joint zone, which 
effectively limits the potential size of the concrete strut within the joint.  With the 
concrete strut no longer able to increase in size, any increase in the column axial stress 
is going to result in an increase in vertical joint zone stress within the strut.  Increases 
in the vertical joint shear stress result in a net increase in compression stress within the 
concrete strut, denoted “DC” in Figure 2.2.  As the compression stress increases, so too 
does the tensile stress, and, considering the detrimental effect of tensile strains on the 
concrete compression strength, the effect of the increase in vertical shear stress is two-
fold, with an increase in demand and a decrease in capacity.  The effect of increasing 
the horizontal joint shear stress is well established and can be seen in Section 5.1.4, so 
it is reasonable that increasing the vertical joint zone stress, which has the same effect 
of increasing the compressive stress in the concrete strut, is going to have a similar 
detrimental effect on the beam-column joint performance. 
  
 Under very high column axial stresses (     
 ⁄      ), combined with high 
horizontal joint shear stresses (      
 ⁄      ), crushing of the concrete within the 
beam-column joint core becomes a possibility, as shown by some of the specimens in 
Figure 5.8 and Figure 5.9.  Crushing of the joint zone concrete is a more brittle failure 
mode than the tensile yielding of the joint zone shear reinforcement, and therefore, the 
combination of high column axial joint stress and high horizontal joint stress may 
explain the reduction in performance in Figure 5.44 and Figure 5.45, where 
     
 ⁄       . 
 
Evident in Figure 5.44 and Figure 5.45, is the variation between the     ⁄   quadratic function 
for the case considering just the joint shear failures and the beam curvature ductility 
performance indicator (  ), compared to the other three analyses, depicted in Figure 5.44 and 
Figure 5.45.  The shape of the curve does agree with the other analyses; that increases in 
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column axial stress may improve the performance of the beam-column joint, but further 
increases are likely to decrease the performance.  The variation between the curves is the scale, 
which is probably a result of the population size when considering just joint shear failures.  As 
shown in Figure 5.8, only one beam-column joint which experienced failure outside of the joint 
zone was subjected to a column axial stress above       
 .  The remainder of joints, above this 
stress level, failed with joint zone crushing, which is a more brittle failure, evident by the low 
beam curvature ductility values for these joints.  By removing the beam failure specimens, the 
influence of these crushed joint specimens increases, therefore lowering the curve in          
Figure 5.44 and Figure 5.45 compared to the analyses considering all failure modes.  Since joint 
zone crushing should be designed against, it is recommended that the column axial stress on 
beam-column joints in earthquake design should be restricted to       
 . 
 
In view of the effect the quadratic functions of the     ⁄   parameter, trialled here, has on the 
combined parameter, it is little surprise that previous parametric tests have found no conclusive 
relationship between the column axial load and the performance of the beam-column joint.  
When the     ⁄   parameter was varied by a power function, like the other parameters, it was 
only found to increase the linear correlation for the joint shear failure case when considering 
the beam curvature ductility performance indicator (  ).  This is the case in Figure 5.44 and 
Figure 5.45 which shows the greatest variation, as discussed earlier in this Section.  If an 
average is taken across the full range of values of     ⁄   in the remaining three analyses, the 
gradient is near horizontal, suggesting that on average the     ⁄   parameter has no influence.  
The actual non-linear behaviour of this parameter is apparent when a higher order parameter is 
considered, in the form of the quadratic function in this case.  This is also the likely reason for 
the contradiction between some researchers finding that axial load helps the joint performance 
and others finding it detrimental, as it depends on the range of axial load considered. 
 
5.5 Multiple Parameter Summary 
The combination of parameters has seen improvements in the relationship between the design 
parameters of the beam-column joints and their performance.  The nominal beam curvature 
ductility performance indicator (  ) showed an increase in the linear correlation coefficient 
from       6 for the single parameter analysis to         for the combined parameter.  
The final parameter from Figure 5.40, when considering all failure modes is: 
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The equations for the average and 5
th
 percentile lines are given respectively by: 
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where          
 ⁄  is the ratio of effective horizontal joint shear reinforcement to the maximum 
horizontal joint shear demand,   
  is the concrete compression strength,    is the yield stress of 
the longitudinal beam reinforcement      is the maximum horizontal joint shear stress expected 
in the joint and    ⁄  is the ratio of column neutral axis depth  to column depth.  
 
Considering just the joint shear failures the linear correlation increased to       6 for the 
combined parameter: 
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The linear correlation for the horizontal shear strength ratio performance indicator 
                ⁄   improved from the single parameter analysis with         to       7 
when considering all failure modes to give the combined parameter: 
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Considering only the joint shear failures the linear correlation increased marginally to 
        .  No additional parameters improved the correlation.  However, the powers of the 
existing parameters changed to give the combined parameter: 
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The effects of the column axial load     were shown in Section 5.4, with the performance of 
the beam-column joints showing the greatest increase at axial stress levels (   
   ⁄ ) of    6  
  
and decreases in performance at levels greater than       
 . 
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Chapter 6 Comparison to NZS 3101 
The New Zealand design standard for reinforced concrete, NZS 3101 [49] is currently the most 
in-depth design Standard when it comes to the design of beam-column joints.  Considering this 
it is logical to compare the results of this parametric analysis with the design conditions of 
NZS 3101 [49]. 
 
6.1 Influential Parameters 
Several key design equations and limitations exist within NZS 3101 [49] regarding the design 
of ductile reinforced concrete, 1-way interior beam-column joints, in which the plastic hinges 
are expected to develop in the beams at the column face. 
 
 The maximum joint shear force is limited to: 
 
 (Equation 1.1) 
 
where   
  is the compressive strength of the concrete,    is the effective width of the 
joint (defined in Section 2.4.4) and    is the depth of the column in the plane of 
loading. 
 
 The area of horizontal reinforcement required within the joint zone is 
 
 (Equation 1.2) 
 
 with 
 
(Equation 1.4) 
 
where     
  is the design horizontal joint shear force considering over-strength 
(explained in Section 2.1).    
  is the larger area of the top or bottom longitudinal 
reinforcement in the beams, passing through the joint zone, with yield strength   .      
is the yield strength of the horizontal joint reinforcement. 
 
 
(Equation 1.3) 
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where         for limited ductile plastic hinge regions and        for ductile 
plastic hinge regions (defined in Section 2.6.1.3.1 of NZS 3101: 2006, [49]).    , is a 
factor accounting for the effect of transverse beams on the joint.  In the absence of 
transverse beams       .  See NZS 3101 [49], for values when transverse beams are 
present.   is the axial load on the column and    is the gross area of the column. 
 
The required horizontal joint shear reinforcement quantity can be directly compared to 
the results of the parametric analysis in this thesis, by rearranging Equation 1.2 to give: 
 
Equation 6.1 
 
and considering the approximation [60]: 
 
Equation 6.2 
  
Equation 6.1 and Equation 6.2 can be combined to give: 
 
 
 
 
 
 
 
Equation 6.3 
 
 
with 
 
(Equation 1.4) 
 
and 
   
    
 ≥      
 
where    is given by Equation 1.3 and         by default in NZS 3101 [49] when 
deriving the 1.4 and 1.6 constants shown in Equation 1.3 and Equation 6.3. 
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Note that the     
  at the beginning of Equation 6.3  remains as it is used to form the 
multiplier constant at the start of the equation as shown by Equation 1.4. 
 
From Equation 6.3, it is evident that the current NZS 3101 [49] design requirements for 
the ratio of horizontal joint shear reinforcement to the horizontal joint shear force are 
governed by: 
 
o The horizontal joint shear stress to concrete compressive strength ratio. 
o The axial stress on the column. 
o The top-bottom, longitudinal beam reinforcement ratio. 
 
The results of the parametric analysis conducted in this thesis are similar to the 
requirements of NZS 3101 [49] as the horizontal joint shear reinforcement ratio 
proposed here (         
 ⁄ ) is also governed by the horizontal joint shear stress (    ) 
and the axial stress in the column (   
   ⁄ ).  However, in addition to these two 
parameters, the horizontal joint shear reinforcement ratio is also influenced 
significantly by the yield strength of the longitudinal beam reinforcement, normalised 
by the square root of the concrete compressive strength  √  
    ⁄ , and no relationship 
was found between the ratio of top to bottom beam longitudinal reinforcement    . 
 
NZS 3101 [49] makes allowances for the required vertical joint shear reinforcement 
quantity as shown in Equation 1.7. 
 
 (Equation 1.7) 
 
where     is the yield strength of the vertical reinforcement and     ⁄  is the ratio of 
beam depth to column depth, and: 
 
 
(Equation 1.8) 
 
Simplifying Equation 1.7 and incorporating Equation 1.8 gives the required strength of 
vertical joint shear reinforcement: 
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Equation 6.4 
 
 
No interaction was observed in this thesis between the amount of column intermediate 
reinforcement and the performance of the beam-column joint, as shown in Figure 5.6 and Figure 
5.7.  Considering this lack of trend, it is recommended that the ratio of the strength of the vertical 
joint shear reinforcement to vertical joint shear force, remain as it is in the current NZS 3101 [49] 
design requirement should remain in place, as given by Equation 6.4.  However, when 
considering the vertical joint shear reinforcement requirements, the column axial stress should 
not be taken higher than 0.20𝑓𝑐
′ when using this equation, to account for the observed detrimental 
effect of high column axial stress shown in Section 5.4. 
 
Considering the interaction between Equation 6.3 and Equation 6.4 it becomes evident that the 
only parameters that are featured in the NZS 3101 [49] design equations that, in this thesis, were 
not found to be influential on the horizontal joint shear reinforcement ratio (𝑉𝑠ℎ𝑝𝑒 𝑉𝑜𝑗ℎ
∗⁄ ), are the 
ratio of top to bottom beam longitudinal reinforcement areas (𝛽), the amount of vertical joint 
shear reinforcement and the ratio of beam depth to column depth (ℎ𝑏 ℎ𝑐⁄ ).  However, 
NZS 3101 [49] does not make any allowance for the grade of reinforcement used in the 
longitudinal beam reinforcement, which has been shown in this thesis to greatly affect the 
performance of the beam-column joint.  It is possible that this factor has not been considered in 
regards to beam-column joint design since the introduction of Grade 500 steel in New Zealand.  
This was introduced after the current design equations for beam-column joint shear reinforcement 
quantities were incorporated into the 1995 version of NZS 3101 [47].  The derivations of 
Equation 1.2 and Equation 1.3, as they are presented in NZS 3101 [49], are based on the use of 
Grade 300 steel, as over-strength multipliers are assumed in the formation of the “1.4” and “1.6” 
constants in Equation 1.3.  These values are not applicable for Grade 500 steel and underestimate 
the beam over-strength, therefore underestimating the maximum joint shear forces.  Other 
changes to the design standard have been made regarding the bond requirements of Grade 500 
reinforcing passing through beam-column joints [9, 12, 49, 56], therefore, it appears logical that 
modifications to the joint shear reinforcement should be made to accommodate the extra shear 
demands and reduced structural ductility inherent in the use of Grade 500 steel.  NZS 3101 [49] 
does, however, limit the lower characteristic yield strength of longitudinal beam reinforcement 
(𝑓𝑦) to 500MPa. 
 
𝑉𝑠𝑣 = 𝑉𝑠ℎ
ℎ𝑏
ℎ𝑐
0.7
1 +
𝑁
𝑓𝑐
′𝐴𝑔
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Table 6.1 summarises which design parameters are influential on the beam-column joint 
performance for NZS 3101 [49] and the parametric investigation of this thesis. 
 
Table 6.1: Summary of influential parameters on joint design 
Parameter NZS 3101:2006 Parametric Investigation 
          
  Y Y 
       
  Y 
 
√  
        
Y 
  
       Y  
    
   ,        Y Y 
√  
      
Y 
      Y  
  Y 
 
 
          
  is the ratio of effective horizontal joint shear reinforcement to the maximum 
expected horizontal joint shear force demand.         
  is the ratio of vertical joint shear 
reinforcement to the maximum expected vertical joint shear force demand.  √  
       is the 
horizontal joint shear stress normalised by the square root of the concrete compression strength.  
  
       is the horizontal joint shear stress normalised by the concrete compression strength.  
    
    is the column axial stress and        is the ratio of column neutral axis depth to the 
full depth of the column.     is the yield stress of the longitudinal beam reinforcement,    is the 
depth of the beam and   is the ratio of tension to compression reinforcement in the beams. 
 
6.2 Design Comparisons 
This Section of the thesis provides a direct comparison between the equations found from the 
parametric investigation, shown in Section 5.5 with the current requirements of NZS 3101[49]. 
 
6.2.1 Nominal Beam Curvature Ductility Limits 
The curvature ductility of the beams (  ) has been used throughout this thesis as an index of 
the ductility performance of the beam-column joint.  As stated in Section 3.2 the curvature 
ductility of the beams is a more appropriate measure of the material strain than the 
displacement ductility.  Ultimate limit state design is based on the 5
th
 percentile, in which 1 in 
20 meeting the design criteria are expected to fail.  Therefore, the 5
th
 percentile line from    
Figure 5.42 is used to determine the appropriate values for the parameters given in          
Equation 5.5. 
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(Equation 5.5) 
 
          
  is the ratio of effective horizontal joint shear reinforcement to the maximum 
expected horizontal joint shear force demand.    
  is the concrete compression strength,      is 
the maximum expected horizontal joint shear stress,    is the longitudinal beam reinforcement 
yield stress,   is the column neutral axis depth and    is the full depth of the column. 
 
Before using Equation 5.5 in design, it must first be checked against the maximum creditable 
earthquake requirements of NZS 3101 [49]. C19.4.3.3 of NZS 3101 [49] states: 
 
Where ductile plastic regions are to be used, an analysis using stress strain relationships, 
which allow inelastic deformation of concrete and cyclic loading, are required to demonstrate 
that the region has sufficient inelastic deformation capacity to sustain on average 1.5 times the 
curvature required at the ultimate limit state.  The 1.5 factor gives the region the capacity to 
sustain the curvature demand associated with the maximum creditable earthquake without 
collapse. 
 
This clause requires, on average, the plastic hinge regions of the beam-column joint to be able 
to sustain the curvature ductility (  ) demands associated with 1.5 times the expected 
curvatures from the ultimate limit state, which corresponds to the 5
th
 percentile line in         
Figure 5.42.  This essentially states that the average line from Figure 5.42, given in         
Equation 5.4, must correspond to a curvature ductility 1.5 times that of the 5
th
 percentile line for 
the same value of the parameter on the x-axis.  Consider the below example: 
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(Equation 5.4) 
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(Equation 5.5) 
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The curvature ductility (  ) limit at ultimate limit state for reversing plastic hinge regions in 
the beams is 19 (5
th
 percentile value) in NZS 3101 [49].  Therefore, 1.5 times this corresponds 
to a curvature ductility limit of 28.5.  Substituting this into Equation 5.4 gives: 
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Therefore: 
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      6 ×   −  
 
Substituting this value into Equation 5.5, setting the curvature ductility limit back to 19 for 
ultimate limit state and rearranging for the Y axis intercept denoted “C” gives the equation for 
the ultimate limit state which satisfies the requirements of C19.4.3.3 from NZS 3101 [49]. 
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Therefore, the ultimate limit state for the curvature ductility of the beams is given as: 
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Equation 6.5 
 
          
  is the ratio of effective horizontal joint shear reinforcement to the maximum 
expected horizontal joint shear force demand.    
  is the concrete compression strength,      is 
the maximum expected horizontal joint shear stress,    is the longitudinal beam reinforcement 
yield stress,   is the column neutral axis depth and    is the full depth of the column. 
 
Equation 6.5 has changed only marginally compared to Equation 5.5, and the new 5
th
 percentile 
line is presented against the average line in Figure 6.1. 
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Figure 6.1: Combined parametric equation for the nominal beam curvature ductility performance 
indicator, considering only joint shear failures, showing the material strain limits, where the 
average is 1.5 times the 5
th
 percentile for a maximum creditable earthquake (MCE) 
 
The failure modes used in Figure 6.1 are defined in Chapter 5.  Equation 6.5 is based on actual 
measured properties of the beam-column joint specimens.  Before this equation can be used in a 
design scenario a slight modification needs to be made to the reinforcement strength.  As 
mentioned in Section 2.1, the reinforcement yield strength is labelled by the manufacturer at the 
5
th
 percentile value, i.e. the actual yield strength is expected to be around 10% higher than the 
stated value [21].  This means for a Grade 300 steel reinforcement bar, the likely yield strength 
would be 330MPa.  Considering a designer is going to assume a 300MPa yield strength, a 
multiplier needs to be applied to Equation 6.5, such that the design value of 300MPa 
corresponds to the expected yield strength 330MPa. 
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Equation 6.6 
 
With the majority of the parameters in Equation 6.6 known in design, Equation 6.6 can be 
rearranged to determine the level of horizontal joint shear reinforcement required as a function 
of the other parameters. 
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Equation 6.7 
 
          
  is the ratio of effective horizontal joint shear reinforcement to the maximum 
expected horizontal joint shear force demand.    
  is the concrete compression strength,      is 
the maximum expected horizontal joint shear stress,    is the longitudinal beam reinforcement 
yield stress,   is the column neutral axis depth and    is the full depth of the column. 
 
Equation 2.21 can be used to represent the column neutral axis depth as a function of the 
column axial stress. 
 
  
     +     
 
  
   
 
(Equation 2.21) 
 
Equation 6.7 is represented graphically in Figure 6.2 to Figure 6.5, when designing for a beam 
curvature ductility (  ) of 19.  Beams designed according to NZS 3101 [49] for ultimate limit 
state design actions have been shown to dependably (5
th
 percentile) sustain a curvature ductility 
of 19 without failure [21].  Considering this, NZS 3101 [49] sets the material strain limit for 
beams in ductile plastic hinge regions as a curvature ductility of 19, meaning that the demand 
on the beams, in the form of a curvature, is not to exceed 19 times that of the yield curvature.  
As this is the maximum allowable curvature ductility, it is a logical design scenario for 
Equation 6.7, as it will represent the most demanding design scenario.  In the formation of these 
material strain limits, a factor was introduced to account for the apparent reduction in beam 
curvature ductility, when the longitudinal beam reinforcement yield strength exceeds 425MPa 
[21].  This is examined in more detail below. 
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Figure 6.2: Comparison of the proportion of joint shear reinforcement required from Equation 6.7 
and current NZS3101[49] design, for Grade 300 steel, f’c = 30MPa and equal top and bottom beam 
reinforcement areas at a curvature ductility of 19. 
 
Figure 6.3: Comparison of the proportion of joint shear reinforcement required from Equation 6.7 
and current NZS3101[49] design, for Grade 300 steel, f’c = 100MPa and equal top and bottom 
beam reinforcement areas at a curvature ductility of 19. 
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Figure 6.4: Comparison of the proportion of joint shear reinforcement required from Equation 6.7 
and current NZS3101[49] design, for Grade 500 steel, f’c = 30MPa and equal top and bottom beam 
reinforcement areas at a curvature ductility of 19. 
 
Figure 6.5: Comparison of the proportion of joint shear reinforcement required from Equation 6.7 
and current NZS3101[49] design, for Grade 500 steel, f’c = 100MPa and equal top and bottom 
beam reinforcement areas at a curvature ductility of 19. 
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     in the above figures represents the horizontal joint shear stress. 
 
Some clear trends can be identified from Figure 6.2 to Figure 6.5: 
 
 From Equation 6.7, the effect of the column neutral axis depth     ⁄   , and therefore, 
the column axial stress  (   
   ⁄ ) has a significant effect on the performance of the 
beam column joint.  The confining effect of the column axial load on the beam-column 
joint can been seen in all figures, with a reduction in the required horizontal joint shear 
reinforcement ratio (         
 ⁄ ), in the presence of axial stresses up to       
 .  On 
average, this level of axial stress results in a 22% reduction of joint shear 
reinforcement, compared to when no axial load is applied.  Column axial stresses 
approximately equal to       
 , result in the same required joint shear reinforcement 
ratio (         
 ⁄ ) as the zero axial stress case, due to the nature of the quadratic    ⁄  
parameter.  Axial stress levels exceeding       
 , result in significant increases in joint 
shear reinforcement and in many cases the required ratio of          
 ⁄  exceeds 1.00.  
As shown in Figure 5.2 and Figure 5.4 the beneficial effect of providing excess shear 
reinforcement diminishes with ratios greater than 1.00, as the failure mode shifts to 
other mechanisms.  This relationship reflects the observations in Figure 5.8, in which 
no beam-column joint that was subjected to a column axial stress exceeding       
 , 
sustained a beam curvature ductility (  ) greater than 23, and at axial stresses in 
excess of       
 , the majority failed with crushing of the joint zone concrete.  
Considering this behaviour, the sharp increase in required joint shear reinforcement 
evident from Figure 6.2 and Figure 6.3 is to be expected, as increases in joint zone 
confinement are required to restrain the increasing joint shear stresses.           
 ⁄  
ratios greater than 1.00 are not recommended, as it is believed that the marginal 
benefits in performance are likely to result in an overly congested joint.  Instead of 
increasing the           
 ⁄  ratio, a more effective design consideration would be to 
reduce the horizontal joint shear stress      or limit the column axial stress  (   
   ⁄ ). 
 
 Equation 6.7 does not appear to be sensitive to the concrete compressive strength    
  .  
This is evident from the marginal increase in required joint shear reinforcement when 
the concrete compressive strength is increased from 30MPa to 100MPa in Figure 6.2 
and Figure 6.3 for Grade 300 steel and Figure 6.4 and Figure 6.5 for Grade 500 steel.  
The increase is to be expected, as higher concrete compressive strengths result in more 
brittle failure modes, as the concrete strength becomes more influential on the beam-
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column joint performance.  The low influence of the concrete compressive strength is 
not surprising, as it is used as a normalising function in the parameters in Equation 6.7.  
More important is the ratio of the reinforcement yield strength (  ) and horizontal joint 
shear stress (    ) to the square root of the concrete compressive strength. 
 
 The effect of using Grade 500 steel for the longitudinal reinforcement within the beams 
has shown a significant increase in the joint shear reinforcement requirements, evident 
in the variation between Figure 6.2 and Figure 6.4 for 30MPa concrete and Figure 6.3 
and Figure 6.5 for 100MPa concrete.  This increase in demand is most likely the result 
of reductions in the ductility of the structure and an increased bond demand, which 
increases in the horizontal joint shear reinforcement (         
 ⁄ ) are unlikely to 
remedy.  As explained in Section 3.6.5, the yield displacement, and therefore, the yield 
curvature of the beams, is directly related to the yield strength of the longitudinal beam 
reinforcement.  Considering the ultimate curvature of the beams is likely to be 
governed by the concrete strains in the presence of Grade 500 steel, the increase in 
yield reinforcement is not going to improve the ultimate curvature of the beams.  If no 
increase in beam curvature at failure is observed, then the curvature ductility of the 
beams is going to be reduced compared to Grade 300 steel, as a result of the increased 
yield curvature.  The sensitivity of Equation 6.7 to the reinforcement yield strength can 
be explained by the relationship in Figure 6.6.  A clear trend exists showing that 
increased yield strength of the longitudinal beam reinforcement coincides with a 
reduced beam curvature ductility.  When steel above 500MPa is used, the maximum 
observed curvature ductility is 23.2.  This trend was identified in the formation of the 
material strain limits in NZS 3101 [49], and a reduction factor (  ) was applied to the 
material strain limits, when steel in excess of 425MPa is used as the flexural beam 
reinforcement [21, 49]. 
 
Equation 6.8 
where 
                                        
        ⁄                           ≥        
 
and 19 is the material strain limit for ductile plastic hinge regions occurring in the 
beams. 
 
𝜇𝜙 ≤   𝑘𝑦 
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This reduction factor results in a material strain limit of 14.7 for the curvature ductility of the 
beams when Grade 500 steel is used (assuming the actual yield strength is 550MPa). Considering 
this observed behaviour, Grade 500 steel is not recommended for use as longitudinal beam 
reinforcement in earthquake design, as the beams are required to dissipate the earthquake energy 
with an adequate ductility, and the use of Grade 500 steel compromises this dissipation.  Grade 
500 steel can still be used, as shown in Figure 6.7, but only if a significant amount of joint shear 
reinforcement is provided; the curvature ductility demand is reduced and restrictions are applied 
to the horizontal joint shear stress and column axial stress, such that the required joint shear 
reinforcement ratio is no greater than 1.00.  There appears to be no reason why Grade 500 steel 
cannot be used in the columns, provided they are designed to remain elastic, where the decrease 
in curvature ductility is not an issue. 
 
 
Figure 6.6: Observed degradation in curvature ductility of the beams adjacent to 
the beam-column joints 
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Figure 6.7: Comparison of the proportion of joint shear reinforcement required from Equation 6.7 
and current NZS3101[49] design, for Grade 500 steel, f’c = 50MPa and equal top and bottom beam 
reinforcement areas at a curvature ductility of 14.7. 
 
 Current NZS 3101 [49] design requirements for the horizontal joint shear 
reinforcement ratio (      
 ⁄ ) have been added to Figure 6.2 to Figure 6.5 as a means 
of comparison to the parametric results of Equation 6.7.  For Grade 300 steel, the 
parametric results appear to show that significant reductions in the joint shear 
reinforcement may be possible for axial stress (   
   ⁄ ) levels below       
 .  
However, axial stresses in excess of        
  appear to show un-conservative behaviour, 
as NZS 3101 [49] incorporates an unrestricted reduction in joint shear reinforcement 
requirements as the column axial stress increases.  This has been shown, throughout 
this thesis, to be unfounded with high column axial stressed beam-column joints 
resulting in poor performance.  When considering Grade 500 steel, the negative effects 
on the curvature ductility in the beams (  ) is addressed in NZS 3101 [49]  by a 
reduction in the material strain limit, as shown in Figure 6.7.  This reduction limits the 
use of Grade 500 steel in earthquake design, where high curvature ductilities would be 
expected.  At the reduced curvature ductility of 14.7 for Grade 500 steel, the parametric 
results are similar to the requirements of NZS 3101 [49] for joint shear reinforcement, 
except in the presence of a high axial stress, which as described above is detrimental to 
the performance of the beam-column joint. 
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The current format of Equation 6.7, is too complex for a standard design situation and as such, 
a simplified version is presented: 
 
 
 (Equation 6.7) 
 
 
For Grade 300 steel, the curvature ductility of the beams (  ) in ductile plastic hinge regions is 
limited to 19, and as such, this is a suitable value to determine the required joint shear 
reinforcement for a beam-column joint with ductile plastic hinge regions at the column face. 
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Equation 6.9 
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  is the ratio of effective horizontal joint shear reinforcement to the maximum 
expected horizontal joint shear force demand.    
  is the concrete compression strength,      is 
the maximum expected horizontal joint shear stress,    is the longitudinal beam reinforcement 
yield stress,   is the column neutral axis depth and    is the full depth of the column. 
 
The β value is derived by considering the material strain limit for limited ductile plastic regions 
is 11 [49], therefore,           6 .  Definitions can be found in NZS 3101 [49] for the 
level of ductility of a structure. 
 
Although reductions could be made to the horizontal joint shear reinforcement requirements, 
when using Grade 500 reinforcement in the longitudinal beam reinforcement as a result of the 
reduced material strain limit on the curvature ductility, it is conservative to leave Equation 6.9 
as it is presented. 
 
The ratio of          
 ⁄  should not be taken less than 0.40, which is the current NZS 3101 [49] 
minimum amount. 
 
Equation 6.9 can be rearranged to give the required cross-sectional area of horizontal joint 
shear reinforcement. 
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where       is the required cross-sectional area of effective horizontal joint shear 
reinforcement and     is the yield strength of the horizontal joint shear reinforcement.  To be 
counted as effective joint shear reinforcement, the reinforcement must be positioned following 
the guidance of Equation 5.1 and Figure 5.1. 
 
Although no interaction was found between the vertical joint shear reinforcement, provided by 
the intermediate column bars, it is recommended that the current NZS 3101 [49] allocation 
remains, as it is given as a function of the horizontal joint shear reinforcement. 
 
(Equation 1.7) 
 
where     is the yield strength of the vertical reinforcement and     ⁄  is the ratio of beam 
depth to column depth, and: 
 
 (Equation 1.8) 
 
However, when considering the vertical joint shear reinforcement, it is recommended that 
   
   ⁄  is taken no higher than 0.20 in Equation 1.8 as discussed earlier in this Chapter. 
 
6.2.2 Horizontal Joint Shear Stress 
Evident in Equation 6.6 is an interaction between the horizontal joint shear stress (    ) and 
the column neutral axis depth     ⁄   , or the column axial stress (   
   ⁄ ) , when           
Equation 2.21 is considered.  Figure 6.8 shows the observed interaction of column axial stress 
and horizontal joint zone stress from the beam-column joints used within this parametric study.  
Included in this plot are beam-column joints that experienced joint zone crushing, which is a 
brittle failure mode which should be designed against.  As expected, these failures have 
occurred in beam-column joints that were subjected to high horizontal joint shear stress and 
high column axial stress.  The upper limit of       
  (Equation 1.1) for the horizontal joint shear 
stress has been shown on this plot to compare the failures to the current design requirements of 
NZS 3101 [49].  Although three of the five joint crushing failures occurred at horizontal joint 
shear stresses exceeding the design limits of       
 , one has failed at a horizontal joint shear 
stress of       
  and another at       
 .  This is a concern considering the current limit on the 
column axial stress is approximately   6   
  in earthquake design [49], these two beam-column 
joints actually meet the current code requirements for joint shear stress.  Although two 
specimens are not enough to draw a conclusive relationship, it is recommended that this limit 
on the column axial stress be reduced to       
 , as discussed in Section 5.4.  This is still a 
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relatively high column axial stress, and few structures will have actually been designed with 
such a high axial stress, but lowering the upper limit in NZS 3101 [49] should reduce the 
likelihood of beam-column joint crushing. 
 
 
Figure 6.8: Observed interaction between horizontal and column stresses on failure mode 
 
Providing a horizontal joint shear reinforcement ratio (         
 ⁄ ) greater than 1.00 is not 
expected to significantly improve the performance of the beam-column joint, and considering 
this, Equation 6.6 can be rearranged to give the interaction between the horizontal joint shear 
stress and column axial stress. 
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Equation 6.11 
 
 
     is the maximum expected horizontal joint shear stress,   
  is the compressive strength of 
concrete,    is the yield stress of the longitudinal beam reinforcement,   is the column neutral 
axis depth and    is the full depth of the column. 
 
Equation 6.11 is represented graphically in Figure 6.9 to Figure 6.11, where the current 
NZS 3101 [49] joint shear stress limits have been shown for comparison. 
 
 
Figure 6.9: Comparison of the maximum permitted joint shear stress from the parametric 
investigation of this thesis and NZS 3101 [49] current requirements, with Grade 300 steel     
        in the longitudinal beam reinforcement, at a curvature ductility of 19 
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Figure 6.10: Comparison of the maximum permitted joint shear stress from the parametric 
investigation of this thesis and NZS 3101 [49] current requirements, with Grade 500 steel     
        in the longitudinal beam reinforcement, at a curvature ductility of 19 
 
The effect of changing the concrete compressive strength    
   is marginal, as expected from 
Section 6.2.1.  However, altering the reinforcement grade has a significant effect on the 
maximum permitted horizontal joint shear stress.  These figures have been produced assuming 
a curvature ductility of 19, so as expected the horizontal joint shear stress is limited 
significantly lower for the Grade 500, compared to Grade 300.  As shown in Section 6.2.1, the 
curvature ductility for Grade 500 steel should not be taken higher than 14.7, and therefore, 
Figure 6.10 has been re-plotted in Figure 6.11 for a curvature ductility of 14.7.  The restriction 
in curvature ductility has allowed for an average increase of       
  in the horizontal joint shear 
stress. 
 
The current NZS 3101 [49] limitation on the horizontal joint shear stress, given in Equation 1.1, 
appears to be overly conservative compared to the parametric results for Grade 300 steel.  Also, 
no interaction is considered between the column axial stress and the horizontal joint shear 
stress, and the effect of lowering the horizontal joint shear stress, as the concrete compressive 
strength increases, is not supported by the parametric results.  When considering Grade 500 
steel has a reduced curvature ductility of 14.7, the current NZS 3101 [49] limitations are similar 
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to the parametric results for axial stress levels up to       
 , but at higher axial stresses, the 
current NZS 3101 [49] limitations appear to be un-conservative. 
 
 
Figure 6.11: Comparison of the maximum permitted joint shear stress from the parametric 
investigation of this thesis and NZS 3101 [49] current requirements, with Grade 500 steel     
        in the longitudinal beam reinforcement, at a curvature ductility of 14.7 
 
The equations considering the horizontal shear strength ratio                 ⁄   can also be 
used to determine the horizontal joint shear stress (    ) as a function of the column axial 
stress (   
   ⁄ ).  Capacity design relies on the plastic deformations occurring within the 
beams, at or some distance away from the column face.  It is undesirable for the joint to fail in 
shear before the yielding of the beams connecting to the joint, as was seen by 17 of the 
specimens within this thesis.  The horizontal shear strength ratio performance indicator 
                ⁄   has been used throughout this thesis as a means of identifying the specimens 
which failed in joint shear prior to beam yielding, and as such the relationship identified in 
Figure 5.43 and Equation 5.9 can be used as a method of predicting the design conditions that 
cause a brittle joint zone failure and how to design against them.  The 5
th
 percentile is used 
instead of the average as it represents a conservative approach compared to the average values, 
and the relationship considered is derived from specimens which exhibited joint shear failure, 
pre- or post-yielding, as beam failure modes are unlikely to be representative of a joint shear 
failure mechanism.  The equation representing this design case is given as: 
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(Equation 5.9) 
 
As was the case in Section 6.2.1 for the horizontal shear stress ratio                 ⁄  , the 
longitudinal beam reinforcement yield strength needs to be modified to allow for the expected 
conservatism from the use of 5
th
 percentile/lower characteristic strength in design.  As before, a 
10% strength increase is expected such that Equation 5.9 becomes: 
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Equation 6.12 
 
Typically in design, the longitudinal beam reinforcement grade is set, as is the expected column 
neutral axis depth, based on the applied level of column axial stress.  This leaves the √  
     ⁄  
parameter as a design variable based on the other parameters in Equation 6.12.  By setting the 
horizontal shear strength ratio (         ⁄ ) to 1.00, to represent a specimen which failed in 
joint shear at beam yielding, Equation 6.12 can be rearranged to give the √  
     ⁄  ratio as a 
function of    ⁄  or     
   , when Equation 2.21 is used.  However, the horizontal joint shear 
stress is typically represented as a function of       
 ⁄ , so the relationship has been manipulated 
and presented in Figure 6.12 and Figure 6.13, so that it can be compared to the current 
NZS 3101 [49] design limits. 
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Figure 6.12: Comparison of the maximum permitted joint shear stress from the parametric 
investigation of this thesis and NZS 3101 [49] current requirements, with Grade 300 steel     
        in the longitudinal beam reinforcement 
 
Figure 6.13: Comparison of the maximum permitted joint shear stress from the parametric 
investigation of this thesis and NZS 3101[49] current requirements, with Grade 500 steel (   
      ) in the longitudinal beam reinforcement 
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compressive strength.  This supports the current NZS 3101 [49] limitations, which are given as 
a function of   
    For Grade 300 steel, the current NZS 3101 [49] design limitations on the 
maximum joint shear stress appear to be, on average, more conservative than the predictions 
from the parametric investigation of this thesis.  The       
  limit for concrete with a 
compressive strength of less than 50MPa appears to be more conservative than the parametric 
results at   
         , but, on average, equally conservative at   
         .  As the 
concrete compressive strength is increased above   
         , the current NZS 3101 [49] 
limits the horizontal joint shear stress to      ≤       .  At this stage, the NZS 3101 [49] 
design limits become significantly more conservative than the parametric results.  Since the 
NZS 3101 [49] design does not account for the interaction between the vertical and horizontal 
joint shear stresses, which the parametric investigation uses, the current NZS 3101 [49] design 
values are less conservative than the parametric results for axial stresses above       
 , except 
when high strength concrete is used, and, as mentioned earlier in this Section, it is 
recommended that the column axial stress (   
   ⁄ ) is limited to       
 . 
 
Figure 6.13 shows the horizontal and vertical joint shear stress interactions for Grade 500 steel, 
and in all cases except when high strength concrete is used, the current NZS 3101 [49] design 
limitations are less conservative than the parametric results.  The parametric results also show 
the interaction of the column axial stress on the maximum horizontal joint shear stress, and, as 
was the case for Grade 300 steel, increases in the column axial stress above       
  lead to 
restrictions on the horizontal joint shear stress for the same beam-column joint performance. On 
average the use of Grade 500 steel has resulted in a reduction in the maximum horizontal joint 
shear stress, in the order of       
 , when compared to Grade 300 steel.  This is most likely 
because of the apparent reduction in structural ductility as described in Section 3.6.5, and an 
increased bond demand. 
 
The results of the parametric investigation on the horizontal shear strength performance 
indicator                 ⁄   have shown that the current NZS 3101 [49] design limitations on 
the horizontal joint shear stress are oversimplified as the horizontal joint shear stress is only 
given as a function of the concrete compressive strength.  The parametric results agree that, as 
the concrete compressive strength increases, the maximum horizontal joint shear stress should 
be reduced, due to the more brittle failure mode associated with high strength concrete [51].  
But it is believed the horizontal joint shear stress should also be a function of the column axial 
stress and the longitudinal beam reinforcement grade, based on the interactions observed within 
this thesis. 
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Since the performance of the beam-column joints is governed by both, the curvature ductility 
(  ) and the shear strength ratio                 ⁄  , the horizontal joint shear stress needs to 
be the less than the results of both Equation 6.11 and Equation 6.13.  Therefore, the two 
relationships have been shown together in Figure 6.14 and Figure 6.15 to form an envelope, in 
which the horizontal joint shear stress must fall below either of the curves. 
 
 
Figure 6.14: Interaction of the horizontal joint shear stress and column axial stress, for Grade 300 
steel in the longitudinal reinforcement of the beams, at a curvature ductility of 19 
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Figure 6.15: Interaction of the horizontal joint shear stress and column axial stress, for Grade 500 
steel in the longitudinal reinforcement of the beams, at a curvature ductility of 14.7 
 
The shear-strength-derived, horizontal joint shear stress appears to govern for low axial stress 
cases, while the curvature-ductility-derived, horizontal joint shear stress governs under higher 
axial stress levels.  The formats of Equation 6.11 and Equation 6.13 are too complex for 
standard code design, and accordingly a simplified piecewise equation has been conceived. 
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  and    are in MPa. 
 
Equation 6.14 can be used for concrete compressive strengths up to 100MPa.  Also due to the 
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exceed       
 .  Grade 300 and Grade 500 steel may be used in Equation 6.14, but Grade 300 is 
recommended due to Grade 500’s limitations in ductility and increases in bond demand. 
 
Equation 6.14 is represented in Figure 6.16 and Figure 6.17 showing the comparison between 
Equation 6.14 and the current NZS 3101 [49] design limits.  Figure 6.16 shows that for 
Grade 300 steel, Equation 6.14 allows for a significant increase in horizontal joint shear stress, 
when high strength concrete is used, compared to NZS 3101 [49].  However, for 50MPa 
concrete the two limits are, on average, very similar.  When Grade 500 steel is used, the current 
NZS 3101 [49] limits appear to be un-conservative at low concrete strengths and overly 
conservative at high concrete strength compared to the parametric results given within this 
thesis. 
 
 
Figure 6.16: Comparison of maximum horizontal joint shear force as a function of the column 
axial stress between the current NZS 3101 [49] requirements and Equation 6.14 for Grade 300 steel 
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Figure 6.17: Comparison of maximum horizontal joint shear force as a function of the column 
axial stress between the current NZS 3101 [49] requirements and Equation 6.14 for Grade 500 steel 
 
6.3 Limitations of the Parametric Analysis 
The following limitations need to be considered when interpreting the findings of this 
parametric analysis. 
 
 The trends identified throughout this thesis are based on the specimens included within 
the database (Appendix C).  Although it is believed that these specimens provide a 
representative sample of the available data, additions and omissions of specimens are 
likely to influence the results of the parametric analysis.  Considering this, the results of 
this parametric analysis are only as accurate as the data collected in the original 
publications. 
 
 Only 1-way beam-column joint cruciform specimens have been considered within this 
thesis and as such the results are not representative of 2-way beam-column joints 
including floor slabs, which is standard in design.  This is the case, as very few beam-
column joint specimens have been tested with floor slabs, compared to 1-way and even 
2-way beam-column joints excluding floor slabs.  The issue with this is that the flanges 
of the floor slab contribute to the forces entering the beam-column joint [14, 15].  As a 
result of the shear flow, shown in Figure 6.18, an additional compression force (  ) is 
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introduced into the beam-column joint concrete strut, by means of concrete-concrete 
compression forces.  This is of particular relevance when considering the horizontal 
joint shear stress limitations presented in Section 6.2.2.  With this in mind, the results 
of Equation 6.12 are still relevant, but the additional shear stress must be included 
when determining the expected horizontal joint shear stress at over-strength of the 
beams. 
 
Figure 6.18: Shear flow of slab force into a one way beam-column joint [14] 
 
 The results of this parametric investigation are only valid for interpolation and not 
extrapolation beyond the range considered for each parameter.  For example, the 
concrete compressive strength had a minimum value of 17.1MPa and a maximum value 
of 107MPa.  Consequently, the results of this parametric investigation are only valid 
for concrete strengths within this range.  This is the case for all of the parameters 
considered, so care should be taken when interpreting the data. 
 
 Special detailing of the joint zone, such as welded bearing plates, have not been 
included within this database, and therefore, the results of this parametric analysis are 
only representative of conventionally designed reinforced concrete beam column joints 
incorporating stirrups and ties. 
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Chapter 7 Conclusions 
7.1 Summary of the Procedure 
A database of 1-way reinforced concrete beam-column joint cruciform specimens, which were 
subjected to pseudo-static cyclic loading, has been compiled.  A total of 58 specimens have 
been collected with the failure modes recorded in Table 7.1. 
 
Table 7.1: Summary of failure mechanisms of the beam-column joint specimens used within this 
thesis 
Failure Mode Number of samples 
Flexural/shear beam degradation 4 
Bond failure of the flexural beam reinforcement 17 
Bond failure of the flexural beam reinforcement 
followed by joint shear failure 
9 
Plastic hinging of the beams followed by joint 
shear failure 
10 
Joint shear failure prior to beam hinging 18 
 
Critical design parameters were collected for each specimen and stored within a database 
(Appendix C), before a parametric analysis was conducted on these specimens.  Before 
considering the effect of combining parameters, the influence of 14 key parameters were 
compared against two performance indicators: the ratio of the measured shear strength of the 
columns during testing, compared to the theoretical value at beam yielding                 ⁄  ; 
and the curvature ductility of the beams adjacent to the beam-column joints (  ).  The results 
of this single parameter analysis identified which parameters appeared to have the greatest 
influence on the performance of the beam-column joints.  In order to determine the effect of the 
interaction between these parameters and the performance of the beam-column joints a code in 
Microsoft Excel™ was constructed which varied the power of each parameter and multiplied 
all the parameters together, to form a single combined parameter.  The purpose of the code was 
to determine the optimum power of each parameter, and therefore, to determine whether or not 
the parameter was significant enough to consider in a performance-based design of beam-
column joints. 
 
A design equation for the horizontal joint shear reinforcement quantity was conceived based on 
the curvature ductility performance requirements of NZS 3101 [49], and a second equation was 
conceived for the limiting horizontal joint shear stress as a function of the column axial stress.  
151  
 
The two equations were then compared against the current NZS 3101 [49] design values for 
conservatism and performance. 
 
7.2 Parametric Analysis Results 
1. Equation 6.10 has been formulated based on a parametric analysis to determine the 
required area of horizontal joint shear reinforcement, as a function of the horizontal 
joint shear stress (    ), the concrete compressive strength    
  , the yield strength of 
the longitudinal beam reinforcement (  ), the column axial stress (   
   ⁄ ), the yield 
strength of the horizontal joint shear reinforcement (   ) and the class of ductility of 
the plastic hinge regions. 
 
 
(Equation 6.10) 
 
where 
   −   7  
 
  
 
 
+      
 
  
  
     
 
 
  
     +     
 
     
 
                           
    6                              
 
Grade 300 reinforcement steel is recommended over Grade 500 reinforcement 
for the longitudinal beam reinforcement as a result of increased bond demand 
and reduced curvature ductility inherent with Grade 500 steel.  Grade 500 steel 
can still be used within Equation 6.10, but the curvature demand of the beams 
adjacent to the beam-column joint must be restricted to    7   [21, 49].  
However, other limitations are required when using Equation 6.10: 
 
   
  shall not exceed 100MPa nor be taken as less than 30MPa 
    
   ⁄  shall not exceed 0.35 
 the lower characteristic value of    shall not exceed 500MPa 
      shall meet the requirements of Equation 6.14 
       must provide at least 40% of the horizontal joint shear force 
demand 
 
𝐴𝑠 𝑝𝑒     6 ×   
 9𝛼𝛽  
𝑣𝑜𝑗 
√𝑓𝑐 
 
  56
 
𝑓𝑦
√𝑓𝑐 
 
   5
𝑉𝑜𝑗 
 
𝑓𝑦 
 
152  
 
 
Equation 6.10 has been shown to result in a reduction in the required horizontal joint 
zone reinforcement at axial stress levels below       
 , compared to the current 
NZS 3101 [49] design requirements.  However, at axial stress levels exceeding       
  
it is believed that the current NZS 3101 design requirements are un-conservative, as 
they allow for reductions in the joint zone reinforcement, despite the fact that the joint 
shear stress is increasing. 
 
2. The current NZS 3101 [49] requirements are vague when defining the effective 
positioning of the horizontal joint zone reinforcement within the beam-column joint.  In 
an attempt to quantitatively define the effectiveness of the positioning of the horizontal 
joint shear reinforcement a profile of effectiveness is presented in this thesis, given by 
Equation 5.1.   
 
    ⁄          +    ⁄  when      ⁄ ≤     
    ⁄         when          ⁄      
    ⁄   −       +    ⁄  when     ≤     ⁄  
(Equation 5.1) 
 
where    is the depth from the innermost top longitudinal beam reinforcement in the 
beam, to row   of horizontal joint shear reinforcement and    is the depth between the 
innermost upper and lower beam longitudinal reinforcement passing through the joint.   
 
3. Although no interaction was found between the vertical joint shear reinforcement 
provided by the intermediate column bars and the performance of the beam-column 
joint, it is recommended that the current NZS 3101 [49] allocation remains, as it is 
given as a function of the horizontal joint shear reinforcement. 
 
(Equation 1.7) 
 
where     is the yield strength of the vertical reinforcement and     ⁄  is the ratio of 
beam depth to column depth, and: 
 
 
(Equation 1.8) 
 
 
𝐴𝑗𝑣  𝛼𝑣𝐴𝑗 
𝑓𝑦 
𝑓𝑦𝑣
 𝑏
 𝑐
 
𝛼𝑣  
  7
 +
𝑁
𝑓𝑐 𝐴𝑔
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However, due to the interaction of the column axial stress observed within this thesis, it 
is recommended that    
   ⁄  is taken no higher than 0.20 in Equation 1.8. 
 
4. An interaction between the horizontal joint shear stress and the column axial stress has 
been identified within this thesis as presented by Equation 6.14. 
 
 
(Equation 6.14) 
 
where 
   
   ⁄               
   ⁄ ≥      
      +                −    −           
       7 −          
              6 −       6  
     
        −           
 
This parametric result has been found to be more conservative than the current 
NZS 3101 [49] limits for some axial stress levels and less conservative for others.  
Regardless of the conservatism of this equation, it is recommended that the shear stress 
limitations be altered in NZS 3101 [49] to incorporate the effect of the axial stress has 
on increasing the joint shear stress within the concrete strut mechanism. 
 
7.3 Suggestions for Future Research 
1. During the parametric investigation of this thesis, an interaction between the horizontal 
joint shear stress and the column axial stress was identified.  A concern is that at 
horizontal shear stresses in the upper range of the       
  limitation in the NZS 3101 
[49] crushing of the beam-column joint zone concrete can occur under axial stress 
levels above       
 .  Although a recommendation of restricting the column axial stress 
level to       
  has been made in this thesis, it is recommended that an experimental 
investigation into the interaction between the horizontal joint shear stress and high axial 
stress levels be conducted. 
 
2. The effect of transverse beams and floor slabs has not been included within this thesis.  
If enough specimens including floor slabs and two-way construction can be collected, a 
parametric investigation is recommended to determine how these factors influence the 
performance of the beam-column joint. 
  
𝑣𝑗 𝑜
𝑓𝑐
 ≤ 𝑚
𝑁
𝑓𝑐
 𝐴𝑔
+ 𝐶 
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Appendix A  Database Calculations 
This Appendix describes each of the calculations used on the specimens in the database and the 
theory behind them.  For this section, experimental data from Beckingsale [6], is used as an 
example.  Note that the shaded boxes are manually input into the database and the remaining 
boxes are the result of a calculation or title. 
A.1.1 Researcher and Title 
 
Table A.1: Researcher and title 
Beckingsale 1980 
Unit B11 
 
Table A.1, identifies who the primary researcher was and what year the experimental data was 
published.  Additionally it identifies the title of the unit. 
A.1.2 Beam Geometry 
The geometry of the beams is used to determine the magnitude of forces and moments that the 
beam-column joint is subjected to. 
  
Table A.2: Beam geometry 
lb 4877 mm 
l'b 2210 mm 
hb 610 mm 
wb 356 mm 
 
Table A.2 identifies the geometry of the beams connecting to the beam-column joint.  The 
following is a description of each term, which are shown in Figure A.1 and Figure A.2. 
 
     = the full length of the beams between the supports/point of  
loading on the beams. 
 
  
    =  the length of the beam from the column face to the  
support/point of loading. 
 
     = full depth of the beam from face to face. 
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     = width of the beam. 
 
 
Figure A.1: Specimen geometry 
 
 
 
 
 
 
 
 
 
 
Figure A.2: Beam geometry and reinforcement row identification 
 
 
 
 
 
 
 
 
lb 
l’b 
wc 
wb 
hc 
l’c 
lc hb 
row 1 
row 2 
row 3 
row 4 
hb 
wb 
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A.1.3 Beam Top Reinforcement 
The reinforcement layout influences how the forces are introduced into the beam-column joint.  
By providing the reinforcement areas and yield strengths, the force distribution can be 
calculated. 
Table A.3: Beam top reinforcement 
db1 19.05 mm 
db2 19.05 mm 
#1 4   
#2 4   
As1 1140 mm
2
 
As2 1140 mm
2
 
Astop 2280 mm
2
 
fy1 298 MPa 
fy2 298 MPa 
fytop 298 MPa 
fu1 328 MPa 
fu2 328 MPa 
futop 328 MPa 
λ2top 1.10   
 
 
Table A.3 is used to calculate the cross-sectional area of the longitudinal reinforcement in the 
upper rows of the beam, as shown by row 1 and 2 in Figure A.2. 
 
In the event that more than one bar size or strength is present in a single row, then the spread-
sheet is overridden and the values are entered manually. 
 
     = diameter of the longitudinal reinforcement bars in row 1 within the  
beam. 
 
     = diameter of the longitudinal reinforcement bars in row 2 within the  
beam, if present. 
 
#1  = number of bars of diameter     in row 1 within the beam. 
 
#2  = number of bars of diameter     in row 2 within the beam. 
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     = cross-sectional area of reinforcement in row 1 of the beam. 
 
      
    
 
 
 
 
     = cross-sectional area of reinforcement in row 2 of the beam. 
 
      
    
 
 
 
 
       = full cross-sectional area of the upper reinforcement. 
 
         +     
 
     = yield strength of the reinforcement in row 1 of the beam. 
 
     = yield strength of the reinforcement in row 2 of the beam. 
 
       = weighted average yield strength of the upper reinforcement in rows 1  
and 2. 
 
      
      +       
     
 
 
     = ultimate strength of the reinforcement in row 1.  The ultimate strength  
is taken as 1.10   for Grade 300 steel and 1.25 for Grade 400 and  
above [60]. 
 
     = ultimate strength of the reinforcement in row 2. 
 
       = weighted average ultimate strength of the upper reinforcement in rows  
1 and 2. 
 
      
      +       
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       = over-strength factor for the upper reinforcement in rows 1 and 2 to  
account for strain hardening.  An additional over-strength factor (  ) 
exists to account for statistical variation in the yield strength of the 
reinforcement.  Considering the yield strength of the reinforcement is 
measured prior to testing, this statistical variation is not considered in 
this thesis. 
 
      
     
     
 
A.1.4 Beam Bottom Reinforcement 
In the same manner as the top reinforcement, the bottom reinforcement influences the force 
distribution to the joint. 
 
Table A.4: Beam bottom reinforcement 
db3 0 mm
2
 
db4 19.05 mm
2
 
#3 0   
#4 4   
As3 0 mm
2
 
As4 1140 mm
2
 
Asbot 1140 mm
2
 
fy3 0 MPa 
fy4 298 MPa 
fybot 298 MPa 
fu3 0 MPa 
fu4 328 MPa 
fubot 328 MPa 
λ2bot 1.10   
 
Table A.4 calculates the cross-sectional area of the longitudinal reinforcement in the lower 
rows of the beam. 
 
  3  = diameter of the longitudinal reinforcement bars in row 3 within the  
beam, if present. 
 
     = diameter of the longitudinal reinforcement bars in row 4 within the 
   beam. 
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#3  = number of bars of diameter db3 in row 3 within the beam. 
 
#4  = number of bars of diameter db4 in row 4 within the beam. 
 
  3  = cross-sectional area of reinforcement in row 3 of the beam. 
 
  3    
   3
 
 
 
 
     = cross-sectional area of reinforcement in row 4 of the beam. 
 
      
    
 
 
 
 
       = full cross-sectional area of the lower reinforcement. 
 
        3 +     
 
  3  = yield strength of the reinforcement in row 3 of the beam. 
 
     = yield strength of the reinforcement in row 4 of the beam. 
 
       = weighted average yield strength of the lower reinforcement in rows 3  
and 4. 
 
      
  3  3 +       
     
 
 
  3  = ultimate strength of the reinforcement in row 3. 
 
     = ultimate strength of the reinforcement in row 4. 
 
       = weighted average ultimate strength of the lower reinforcement in rows  
3 and 4. 
 
      
  3  3 +       
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       = over-strength factor for the lower reinforcement in rows 3 and 4 to  
account for strain hardening. 
 
      
     
     
 
 
A.1.5 Beam Bar Locations 
In addition to the strength and area of the reinforcement, the location of the bars within the 
beams influences the force distribution to the beam-column joint and sets the effective joint 
geometry. 
Table A.5: Beam bar locations 
Positive Curvature 
d1 41 mm 
d2 79 mm 
d3 NA mm 
d4 569 mm 
d1-2 60 mm 
d3-4 569 mm 
Negative Curvature 
d'1 569 mm 
d'2 531 mm 
d'3 NA mm 
d'4 41 mm 
d'1-2 550 mm 
d'3-4 41 mm 
 
Table A.5  shows the depth of the beam longitudinal reinforcement, from the compression edge 
of the beam, during positive and negative curvature loadings. 
 
    = depth from the compression edge of the beam to the centroid of the 
longitudinal steel in row  , under positive curvature loading.  Shown in 
Figure A.3.  Where   = 1- 4. 
 
  
   = depth from the compression edge of the beam to the centroid of the 
longitudinal steel in row  , under negative curvature loading. Shown in 
Figure A.3.  Where   = 1- 4. 
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      = depth from compression edge of the beam to the force centroid of the  
longitudinal steel in rows 1 and 2, under positive curvature loading. 
 
     
(        +         )
          
 
 
 3    = depth from compression edge of the beam to the force centroid of the  
longitudinal steel in rows 3 and 4, under positive curvature loading. 
 
 3   
(  3  3 3 +         )
          
 
 
    
   = depth from compression edge of the beam to the force centroid of the  
longitudinal steel in rows 1 and 2, under negative curvature loading. 
 
        −      
 
 3  
   = depth from compression edge of the beam to the force centroid of the  
longitudinal steel in rows 3 and 4, under negative curvature loading. 
 
  3     −  3   
 
 
 
 
 
 
 
 
Figure A.3: Beam reinforcement depths 
 
 
 
 
 
wb 
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d2
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d’1
 
d’2
 
d’3
 
d’4
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A.1.6 Beam Shear Reinforcement 
The shear reinforcement is required to prevent buckling and shear failure of the beam bars.  
Shear failure of the beams can influence the hysteretic behaviour of the joint.  By examining 
the shear reinforcement content, it is possible to deduce whether beam shear failure is likely. 
 
Table A.6: Shear reinforcement in the beam 
dbC 6.3 mm 
dbD NA mm 
#LegsC 4   
#LegsD NA   
AVpC 124.7 mm
2
 
AVpD NA mm
2
 
sVC 51 mm 
sVD NA mm 
fytC 329 MPa 
fytD NA MPa 
VspC/sVC 804 kN/m 
VspD/sVD 0 kN/m 
Vsp/sV 804 kN/m 
  Theoretical (o) Measured (M)   
Vb 177 174 kN 
Vs
+
reqd 312 305 kN/m 
Vs
-
reqd 322 316 kN/m 
Vsreqd 322 316 kN/m 
Vsp/Vsreqd 2.50 2.55   
 
Table A.6 shows the strength of the shear reinforcement at the beam ends, within the potential 
yielding length,       , from the column face, where    is the depth of the beam. 
 
This spread-sheet allows for two configurations (C and D) of reinforcement within the distance 
  .  This can be a variation in spacing, reinforcement profile or grade.   
 
     = diameter of bar type C. 
 
     = diameter of bar type D. 
 
#LegsC  = the number of legs in the stirrup set of type C. 
 
#LegsD  = the number of legs in the stirrup set of type D. 
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      = cross-sectional area of stirrups of type C provided per set. 
 
     
    
       
 
 
 
      = cross-sectional area of stirrups of type D provided per set. 
 
     
    
       
 
 
 
     = spacing between stirrups of type C. 
 
     = spacing between stirrups of type D. 
 
      = yield strength of steel used in type C stirrups. 
 
      = yield strength of steel used in type D stirrups. 
 
         = strength of stirrups of type C per unit length. 
 
         = strength of stirrups of type D per unit length. 
 
        = strength of both types of stirrups per unit length. 
 
     ⁄         ⁄ +        ⁄  
 
The remaining sections of Table A.6 refer to both the ultimate theoretical forces including 
strain-hardening (o) and the maximum measured forces during testing (M).  See A.1.15 for 
details on these values. 
 
     = shear demand in beam, at theoretical maximum and measured. 
 
   max   
 ,   
   
   (see Section A.1.15 for more details on   
 and   
 ) 
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   = the required strength per unit length, when considering positive  
curvature loading.  This assumes the concrete is not providing any 
shear resistance and consequently, the reinforcement must resist the 
full shear force over the effective beam depth.  The effective beam 
depth is used due to the angle of the cracks being close to 45 degrees, 
making the crack length, away from the column face, close to the 
effective beam depth. 
 
      
  
  
 3  
 
 
      
   = the required strength per unit length, when considering negative  
curvature loading. 
 
      
  
  
    
 
 
        = the required strength per unit length.  
 
       max        ,
       
   
 
           = fraction of provided reinforcement strength, per unit length, to required  
reinforcement strength, per unit length.  If this value is below or even 
close to 1.00, then beam shear failure is likely to have influenced the 
deflection of the specimen. 
 
A.1.7 Column Geometry 
Similar to the beams, the geometry of the columns influences the magnitude of the forces in the 
specimen. 
 
Table A.7: Column geometry 
lc 3354 mm 
l'c 1372 mm 
hc 457 mm 
wc 457 mm 
bj 457 mm 
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Table A.7 identifies the geometry of the columns in the beam-column joint.  The following is a 
description of each of the terms, which are shown in Figure A.1. 
 
    = the full length of the column between the supports/point of loading on  
the column. 
 
  
   =  the length of the column from the beam face to the support/point of  
loading. 
 
    = depth of the column in the plane of loading. 
 
     = width of the column perpendicular to the plane of loading. 
 
    = effective width of the joint as described in Section 2.4.4. 
 
when   ≥              ,   +        
                     ,   +        
 
A.1.8 Bar Anchorage 
Table A.8, is used to give a ratio of anchorage depth provided by the column width to the 
maximum beam bar diameter.  This ratio is considered as a governing factor in bond 
performance [60]. 
  
Table A.8: Bar anchorage/diameter ratio 
Max db 19.05 mm 
hc/db 23.99   
 
       = the greatest diameter reinforcement used in the beams. 
       max    ,     ,    3,       
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A.1.9 Column End Bars 
The strength of the column end bars, as defined in Section 3.5, are likely to affect the confining 
pressure on the bond strength of the longitudinal beam reinforcement. 
 
Table A.9: Column end bars 
db5A 22.2 mm 
db5B 22.2 mm 
#5A 2   
#5B 2   
As5A 774 mm
2
 
As5B 774 mm
2
 
As5 1548 mm
2
 
fy5A 423 MPa 
fy5B 423 MPa 
fy5 423 MPa 
 
Table A.9 identifies the cross-sectional area and strength of the column end bars as shown in 
Figure A.4.  Of the end bars which are denoted row 5, the corner bars are denoted “A” and the 
internal, end bars are denoted “B”.  Due to symmetry in common design of columns, row 5 is 
identical to row 10, and row 6 is identical to row 9 etc.  In the event that there are fewer rows 
than the number shown in Figure A.4, rows 5 and 10 will remain labelled as such and the 
intermediate rows will start with row 6 and proceeded upward when moving left to right.  E.g. 
in the case of three rows of column bars the rows will be labelled, row 5, row 6, row 10. 
 
  5   = diameter of the corner column bars. 
 
  5   = diameter of the intermediate, end column bars. 
 
#A  = number of column bars of type A. 
 
#B  = number of column bars of type B. 
 
  5   = cross-sectional area of column bars of type A. 
 
  5   = cross-sectional area of column bars of type B. 
 
  5   = yield strength of column bars of type A. 
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  5   = yield strength of column bars of type B. 
 
  5  = average yield strength of all column end bars in row 5. 
 
  5  
  5   5 +   5   5 
  5 +   5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.4: Column bar positions 
 
 
 
 
 
 
 
 
 
wc 
hc 
Row 5 Row 6 Row 7 Row 8 Row 9 Row 10 
A 
B 
B 
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d5 
d6 
d7 
d8 
d9 
d10 
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A.1.10 Column Intermediate Bars 
The strength of the column intermediate bars, as defined in Section 3.5, are also likely to affect 
the confinement on the bond strength of the longitudinal beam reinforcement.  Additionally, the 
column intermediate bars are required for the vertical shear reinforcement of the joint. 
 
Table A.10: Column intermediate bars 
db6 22.2 mm 
db7 22.2 mm 
db8 0 mm 
db9 0 mm 
#6 2   
#7 2   
#8 0   
#9 0   
As6 774 mm
2
 
As7 774 mm
2
 
As8 0 mm
2
 
As9 0 mm
2
 
Asint 1548 mm
2
 
fy6 423 MPa 
fy7 423 MPa 
fy8 0 MPa 
fy9 0 MPa 
fyint 423 MPa 
Fint 655 kN 
Fint/V
*
ojv 0.53   
 
Table A.10 shows the details of the intermediate column bars, as shown in Figure A.4. 
 
     = diameter of the column bars in row  , where   = 6-9. 
 
#x  = number of column bars of type  , where   = 6-9. 
 
     = cross-sectional area of bars in row  , where   = 6-9. 
 
       = total cross-sectional area of bars in rows 6-9. 
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     = yield stress of bars in row  , where   = 6-9. 
 
       = average yield stress of bars in row 6-9. 
 
      
∑       
  9
  6
     
 
 
      = yield strength of column intermediate bars. 
 
                
 
         
  = fraction of vertical shear reinforcement provided to the vertical shear  
force demand, where     
  
      
 
  
. 
 
A.1.11 Column Bar Locations 
The spacing of the column bars is likely to have an effect on the confinement for the 
longitudinal beam bars. 
 
Table A.11: Column bar locations 
d5 43 mm 
d6 145 mm 
d7 312 mm 
d8 NA mm 
d9 NA mm 
d10 414 mm 
 
Table A.11 identifies the location of the column bars from the column face.  Refer to Figure 
A.4. 
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A.1.12 Column Axial Stress  
The axial stress on the column influences the neutral axis of the joint and also alters the force 
distribution between the shear mechanisms. 
 
Table A.12: Column axial stress 
Axial Stress 
N/Agf'c 0.043   
N 322 kN 
 
Table A.12 identifies the axial stress applied to the column during testing. 
 
 
    
    = axial stress on joint. 
 
    
    
 
  
 (    )
 
 
   = axial load on column. 
 
A.1.13 Joint Details 
The geometry and reinforcement of the joint is vital in determining the performance of the 
joint, both in terms of strength and demand. Table A.13 identifies the reinforcement detailing of 
the joint in addition to the shear strength of the joint. 
 
  
   = compressive strength of the concrete within the joint at the time of  
testing. 
 
     = diameter of stirrup reinforcement within joint.  Here a stirrup is  
defined as a lateral confining bar, which encompasses the end bars  
(refer to Section 3.5 for column bar definitions).  A tie is defined as a  
lateral confining bar which does not encompass the end bars, as shown  
in Figure A.5. 
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Table A.13: Joint details 
f'c 35.9 MPa 
dbS 12.7 mm 
dbT 12.7 mm 
#legsS 2   
#legsT 2   
SetsS 8   
SetsT 8   
SS 51,63 mm 
ST 51,63 mm 
AshS 2027 mm
2
 
AshT 2027 mm
2
 
Ashp 4054 mm
2
 
SetseS 7.3   
SetseT 7.3   
Ashpe 3699 mm
2
 
fyS 336 MPa 
fyT 336 MPa 
Vshp 1362 kN 
Vshpe 1243 kN 
fyh 336 MPa 
 
 
Figure A.5: Stirrup and tie definitions 
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   Special cases arise in the presence of diagonal lateral reinforcement.   
In such cases the reinforcement shall be defined as a tie, as it does not  
encompass the column end bars.  When calculating the effective cross- 
sectional area of such reinforcement only the area which is in the plane  
of loading is considered effective. 
 
Another special case arises when ties encompass several column 
intermediate bars, therefore providing reinforcement area in the plane 
of loading, but not encompassing the end bars.  These ties have been 
assumed to be ineffective in providing horizontal joint shear resistance.  
The theory here is that, these ties do not cross the full potential failure 
plane, and therefore, cannot be expected to be efficient at reducing 
crack propagation across the full width of the joint. 
 
     = diameter of tie reinforcement within the joint zone.  
 
#legsS  = number of legs in plane of loading per row of stirrup.  The example in  
Figure A.5 has two legs of stirrups and two legs of ties. 
 
#legsT  = number of legs in plane of loading per row of tie. 
 
       = total number of sets of stirrups present within the joint zone.  
 
       = total number of sets of ties present within the joint zone.  
 
SS  = vertical spacing of stirrups within the joint.  If the spacing is  
inconsistent, i.e. several spacing values are provided in the joint 
details, then all values will be listed. 
 
    = spacing of horizontal ties within the joint. 
 
      = cross-sectional area provided by the stirrups in the joint. 
 
          ×       
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      = cross-sectional area provided by the ties in the joint. 
 
          ×       
    
 
 
 
 
      = total cross-sectional area provided by the stirrups and ties in the joint. 
 
         +      
 
        = the number of stirrup sets which effectively transfer the horizontal joint  
shear stresses.  Any stirrup sets which are not within the innermost  
rows of beam longitudinal reinforcement are not considered effective 
in resisting the horizontal joint shear force.  New Zealand design [49] 
of reinforced concrete beam-column joints, does not consider 
reinforcement that is directly adjacent to the innermost beam bars as 
being effective at shear transfer through the joint.  For the purposes of 
this thesis the profile shown in Figure A.6 (identical to Figure 5.1) is 
used to define the effectiveness of shear reinforcement, based on the 
distance from the innermost beam bars. 
 
 
Figure A.6: Assumed effective stress profile for reinforcement within the joint core 
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This profile has been compiled from test specimens [7, 38, 64, 65], 
which recorded strain values within the joint stirrups, at set depths 
through the joint.  The profile has been fitted to this data, in such a way 
that the assumed effectiveness (     , where    is the likely stress that 
will develop within the reinforcement at such a depth, and    is the 
yield stress of the longitudinal beam reinforcement) is underestimated 
in the vicinity of the innermost beam bars, while still acknowledging 
that the majority of the stirrups have the ability to yield under a severe 
enough earthquake.  This has not been done statistically, but by 
judgement. 
 
The effectiveness of the reinforcement is given as: 
 
    ⁄          +    ⁄  when      ⁄ ≤     
    ⁄         when          ⁄      
    ⁄   −       +    ⁄  when     ≤     ⁄  
 
where    is the depth from the innermost upper reinforcement in the 
beam to row   of horizontal joint shear reinforcement, and    is the 
depth between the innermost upper and lower beam reinforcement 
passing through the joint. 
 
        = the number of tie sets which effectively transfer the horizontal joint  
shear stresses. 
 
       = effective cross-sectional area provided by the stirrups and ties in the  
joint. 
 
      
      
     
     +
      
     
      
 
     = yield strength of stirrups within the joint. 
 
     = yield strength of ties within the joint. 
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      = horizontal joint shear strength provided by the joint reinforcement. 
 
             +         
 
       = effective horizontal joint shear strength provided by the joint  
reinforcement. 
 
      
      
     
        +
      
     
         
 
     = average yield strength of all horizontal joint shear reinforcement. 
 
    
    
    
 
 
A.1.14 NZS 3101 Joint Requirements 
In order to determine how conservative the current New Zealand design standard [49] is, it is 
necessary to see how each specimen’s joint design compares to current practice. 
 
Table A.14 identifies the amount of shear reinforcement required by NZS 3101 [49] in the 
beam column joint.  The table is divided into two sections.  The theoretical section is based on 
the measured properties and the joint shear force corresponding to the expected over-strength 
moment if the tension bars reach ultimate stress; see Section A.1.15 for more detail on this 
notation.  The measured section is based on the measured properties and corresponds to the 
maximum column shear that was measured during testing.  For details on the derivation of the 
equations presented here and in the current New Zealand design standard [49], see 
Section 1.4.1 and Chapter 2. 
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Table A.14: NZS 3101:2006 Joint requirements 
  Theoretical (o) Measured (M)   
αi 1.33   
0.20f'c 7.18 MPa 
V
*
ojh 919 1032 kN 
v
*
ojh 4.40 4.94 MPa 
6v
*
ojh/f'c 0.74 0.83 <0.85 
v
*
ojh/f'c 0.12 0.14   
A
*
s 2280 mm
2
 
Ajh 2288 2288 mm
2
 
Vsh 769 769 kN 
Vsh/V
*
ojh 0.84 0.74   
Vshp/ V
*
ojh 1.48 1.32   
Vshpe/ V
*
ojh 1.35 1.20   
Ashp/Ajh 1.77 1.77   
Ashpe/Ajh 1.62 1.62   
Ajh<0.85 1980 2224 mm
2
 
Ajh<0.85/Ajh 0.87 0.97   
αv 0.67   
Ajv 1628 1628 mm
2
 
Ajvp/Ajv 0.95 0.95   
 
 
    = factor to account for the benefits provided by axial compression. 
 
      −   6
   
  
   
 
 
where Cj is a factor to account for additional confinement provided by  
transverse beams.  However, as all units examined here are two  
dimensional frames, no out of plane confinement from additional  
beams will be supplied. 
 
In this case Cj is taken as 1.00. 
 
      
   = maximum allowable shear stress in the beam-column joint permitted  
by NZS3101:2006 [49]. 
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   = design horizontal joint shear force.  See Section A.1.19 for an  
explanation of how the measured joint shear forces, and Section A.1.17  
for how the theoretical joint shear forces, are obtained. 
 
    
   = design shear stress in the joint. 
 
    
  
    
 
(    )
 
 
This shear stress is required to be less than the 0.20f’c value for current 
NZS 3101 [49] compliance. 
 
6    
   
 ⁄  = factor used in determining the amount of horizontal joint shear  
reinforcement required.  This must be in the range of 0.85 to 1.20 for  
current NZS 3101 [49] compliance. 
 
    
   
 ⁄  = fraction of joint shear stress to concrete compressive strength. 
 
  
   = greater of the area of top or bottom beam reinforcement passing  
through the joint.  
 
  
  max (      ,       ) 
 
     = required amount of horizontal joint shear reinforcement by  
NZS3101 [49]. 
 
    
6    
 
  
   
  
   
  
  
 
     = required shear force to be provided by the horizontal joint shear 
reinforcement. 
 
           
 
       
 ⁄  = required fraction of horizontal joint shear force distributed to the joint  
reinforcement. 
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 ⁄  = fraction of the joint shear force resisted by the provided joint shear  
reinforcement. 
 
         
 ⁄  = fraction of the joint shear force resisted by the provided effective joint  
shear reinforcement. 
 
         = fraction of horizontal joint shear reinforcement provided to the  
amount required by NZS 3101 [49]. 
 
          = fraction of effective horizontal joint shear reinforcement provided to  
the amount required by NZS 3101 [49]. 
 
    0  5 = the amount of reinforcement required if the 0.85 lower limit was  
removed. 
 
    0  5    ⁄  = the fraction of horizontal joint shear reinforcement required compared  
to the current design standard [49], if the 0.85 lower limit was  
removed. 
 
    = adjustment factor to account for the axial stress’s influence on the  
joint. 
 
   
  7
 +          
 
 
     = required cross-section area of vertical joint reinforcement. 
 
         
  
  
   
     
 
 
where       is the yield stress of the column intermediate  
reinforcement (see Section A.1.10 for details). 
 
       ⁄  = fraction of vertical joint reinforcement provided to the amount required  
by NZS 3101 [49]. 
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A.1.15 Theoretical and Measured Actions 
Summarising the theoretical and measured moments and forces at varied points of loading 
allows for direct comparison and interpretation of performance. 
 
Table A.15 Theoretical and measured actions based on measured properties 
Mcol(yc) 356 kNm       
Mcol(fc) 429 kNm       
  (yb) (fb) (o) (M)   
T+ 340 340 374 NA kN 
T- 649 679 747 NA kN 
Mb+ 179 203 223 248 kNm 
Mb- 321 356 392 384 kNm 
Vb+ 81 92 101 112 kN 
Vb- 145 161 177 174 kN 
Mcol 225 252 277 285 kNm 
Mcol/Mcol(yc) 0.63 0.71 0.78 0.80   
Vcol 164 184 202 208 kN 
Vjh 824 835 919 1032 kN 
Vshp/Vjh 1.65 1.63 1.48 1.32   
Vshpe/Vjh 1.51 1.49 1.35 1.20   
 
Table A.15 identifies the theoretical and measured actions/strengths of the members based on 
the measured properties of the joint.  The notation in brackets identifies the point of loading.  
The following definitions are used: 
 
(yb)  = first yield in the outermost layer of reinforcement of the beam. 
 
(fb)  = flexural capacity of the beam excluding strain-hardening.  Concrete at  
0.003 strain. 
 
(o)  = flexural over-strength of the beam, allowing for strain hardening. 
 
(yc)  = first yield in the outermost layer of reinforcement of the column. 
 
(fc)  = flexural capacity of the column excluding strain-hardening.  Concrete  
at 0.003 strain. 
 
(M)  = measured values.  These values are derived from the beam shear values  
if provided. 
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See Sections A.1.17 and A.1.18 for details on the calculations of the values in Table A.15. 
 
         = flexural capacity of the column at first yield of the outermost column  
bars. 
 
         = flexural capacity of the column excluding strain hardening, at 0.003  
concrete strain. 
 
All of the following factors are accompanied by the loading point in brackets, as described 
above in this section, i.e. (yb), (fb), (o) and (M). 
 
    = flexural force induced in rows 3 and 4 (see Section A.1.2) during  
positive curvature loading.  
 
    = flexural force induced in rows 1 and 2 (see Section A.1.2) during  
negative curvature loading. 
 
  
   = flexural capacity of the beam in positive curvature, i.e. the bottom of  
the member in tension. 
 
  
   = flexural capacity of the beam in negative curvature, i.e. the bottom of  
the member in compression. 
 
  
   = shear in the beam under positive curvature.  The effect of the self- 
weight of the beams has been excluded as its influence has marginal  
effect on the overall values. 
 
  
   = shear in the beam under negative curvature. 
 
      = moment in the column during loading. 
 
              = fraction of the moment in the column to the yield moment of the  
column.  This identifies if the column bars are likely to yield during  
loading. 
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      = shear force in the column during loading. 
 
     = shear force in the joint during loading. 
 
       ⁄  = fraction of the shear strength of the joint provided to the joint shear  
force. 
 
        ⁄  = fraction of the effective shear strength of the joint provided to the joint  
shear force. 
 
A.1.16 Measured Drift 
The deflection of the specimen is as important as the strength, as serviceability criteria can 
become an issue. 
 
Table A.16: Measured drift 
Δmax 128 mm 
Δy 27.4 mm 
Δy/lc 0.82 % 
Max Crack 0.55 mm 
 
Table A.16 identifies the drift and failure behaviour of the joint during testing. 
 
      = measured drift of the column during testing at time of maximum shear. 
 
    = measured drift of the column at the onset of yield. 
 
       = measured drift as a fraction of column height. 
 
Max Crack = maximum crack width measured in the joint during testing. 
 
A.1.17 Beam Flexural Calculations 
The theoretical beam moment capacity is necessary in determining when the beams are 
expected to yield and consequently how much shear force can be applied to the beam-column 
joint.  A parabolic stress-strain curve is assumed for the concrete behaviour as presented by 
Collins [17], and shown in Figure A.7.  This non-linear stress-strain relationship is chosen over 
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the equivalent stress block method [53], as the equivalent stress block method is only 
applicable, when considering the flexural capacity of the member, not first yield, etc.  By using 
a non-linear stress-strain curve the concrete strength can be modelled for any strain level 
allowing for more accurate calculations. 
 
 
Figure A.7: Assumed parabolic stress-strain curve for concrete [17] 
 
Table A.17: Properties for flexural calculations 
f'c 35.9 MPa 
Ec 32954 MPa 
ε'c 2.18E-03   
Es 200000 MPa 
 
Table A.17 identifies the properties that are constant throughout all of the flexural calculations 
for a specimen. 
 
  
   = compressive strength of the concrete within the joint at the time of  
testing. 
 
    = Young’s modulus of elasticity for concrete [17]. 
 
       √  
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   = concrete strain corresponding to peak concrete stress based on a  
parabolic assumption [17]. 
 
  
  
   
 
  
 
 
    = Young’s modulus of elasticity for the steel reinforcement in the beam. 
 
Table A.18 goes through the process of calculating the flexural capacity of the beams in 
positive and negative curvature loading scenarios.  Three scenarios are considered for the 
beams, as described in Section A.1.15: first yield of the beam bars (yb), flexural capacity 
excluding strain-hardening (fb) and over-strength allowing for strain-hardening (o).  The scenario 
depicted in Table A.18 is for first yield in the beams.  The flexural capacity is calculated in the 
same manner, whereas the over-strength of the beam is calculated by using an over-strength 
multiplier on the flexural capacity values.  This simplification has been chosen, as it is used in 
common practice and gives results that are accurate for the purpose of determining the joint 
demand.  The calculations in Table A.18 consider each row of steel reinforcement in the beams 
as separate, i.e. the top and bottom rows of steel are not lumped together. 
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Table A.18: Beam flexural capacity with independent steel rows 
Beam First Yield 
Positive Curvature Negative Curvature 
c(+yb) 116.0 mm c(-yb) 150.3 Mm 
εs1(+yb) 0.00025   εs1(-yb) -0.00149   
εs2(+yb) 0.00012   εs2(-yb) -0.00135   
εs3(+yb) 0.00000   εs3(-yb) 0.00000   
εs4(+yb) -0.00149   εs4(-yb) 0.00039   
εc(+yb) 0.00038   εc(-yb) 0.00053   
fs1(+yb) 49 MPa fs1(-yb) -298 MPa 
fs2(+yb) 24 MPa fs2(-yb) -271 MPa 
fs3(+yb) 0 MPa fs3(-yb) 0 MPa 
fs4(+yb) -298 MPa fs4(-yb) 78 MPa 
Cs1(+yb) 56254 N Ts1(-yb) -339747 N 
Cs2(+yb) 27754 N Ts2(-yb) -308916 N 
Ts3(+yb) 0 N Ts3(-yb) 0 N 
Ts4(+yb) -339747 N Cs4(-yb) 88644 N 
Cc(+yb) 255740 N Cc(-yb) 560020 N 
∑F(+yb) 0 N ∑F(-yb) 0 N 
Mb(+yb) 178.9 kNm Mb(-yb) 320.1 kNm 
Vb(+yb) 80.9 kN Vb(-yb) 144.9 kN 
Mjb(+yb) 197.4 kNm Mjb(-yb) 353.2 kNm 
Mjcol(yb) 275 kNm 
Mcol(yb) 225 kNm 
Vcol(yb) 164 kN 
Vjh(yb) 824 kN 
 
 
Due to the iterative nature of flexural calculations a Microsoft Excel™ operation, Goal Seek is 
used.  This operation allows the user to set the result of an equation to a predetermined value by 
iterating a variable.  In this case, the equilibrium of forces within the beam is dependent on the 
concrete neutral axis depth (c), therefore, Goal Seek can be used to vary the neutral axis depth 
until the forces within the beam are at equilibrium. 
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   = neutral axis depth from the compression edge of the beam.  This value  
is the variable for the Goal Seek command in summating the forces in  
the beam to produce equilibrium. 
 
     = strain on the steel in row   at beam yield, for   = 1 – 4. 
When considering the first yield scenario the outermost tension bar is 
set to its yield strain.  The remainder of the reinforcement and the 
concrete strain are then scaled from this value.  As all beams examined 
in this research have at least one layer of tension and compression 
reinforcement, rows 1 and 4 are always present within the beams, and 
therefore they are used to set at first yield strain for these calculations, 
(see Section A.1.2 for definitions of reinforcement rows). 
 
    
      −   
   −   
                        
 
where       
   
  
 
 
    
     
 
 −   
   
 −   
                        
 
where       
   
  
 
 
When considering the flexural capacity scenario, the concrete ultimate  
design strain is known (0.003) and can be used to scale the strains in  
the beam reinforcement. 
 
    
    −    
 
                        
 
    
    −     
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    = concrete strain. 
 
When considering the first yield scenario: 
 
   
    −  
   −   
                        
 
where       
   
  
 
 
   
    −  
   
 −   
                        
 
where       
   
  
 
 
When considering flexural capacity with or without strain-hardening: 
 
         
 
     = stress in the steel in row  , for   = 1 – 4. 
 
    min       ,       
 
An elastic-perfectly-plastic approximation has been assigned for the  
stress strain relationship of the reinforcement, when not considering  
strain hardening. 
 
     = force in the steel in row  , if bars are in tension. 
 
                        
 
     = force in the steel in row  , if bars are in compression. 
 
                        
 
    = force in the concrete compression zone, with depth (c). 
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In order to incorporate the parabolic stress-strain relationship of the 
concrete, the depth of the beam that is in compression (c) is discretised 
into 100 sections.  By discretising this section of the beam, the strain in 
each section is taken as the strain at the mid-depth of the section, and 
using the parabolic relationship for the concrete stress-strain 
relationship, the stress, and therefore, the compression force in the 
concrete can be found.  Consider the force calculation for one of these 
discretised sections. 
 
    
  
    
   −   
(    +        −  )
   
 
 +  
   
   −   
(    +        −  )
  
  
         
                       
 
    
  
    
   
 −   
(    +        −  )
   
 
 +  
   
   
 −   
(    +        −  )
  
  
         
                       
 
   where     is the depth from the compression edge to the top of the  
discretised section, and, since 100 sections are considered, the  
0.005c factor is used to determine the average strains, stresses and  
forces for each section.  
   ∑    
   00
   
 
 
∑   = summation of forces resulting in equilibrium.  Goal Seek in Excel is  
used to determine the neutral axis position (c), by reaching equilibrium  
of beam forces. 
 
∑  ∑   
   
   
+                               
 
    = moment in beam at joint edge.  Found by taking moments about row  
4’s reinforcement. 
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  ∑   
  3
   
   −    +      −      
 
  
  ∑   
  3
   
    −     +       −      
 
   where     is the depth from the compression edge of the beam to the  
centroid of the concrete compression force. 
 
    
∑        +        
   00
   
  
 
 
    = shear in the beam.  As in Section A.1.15 the self-weight of the beams  
have been excluded. 
 
  
  
  
 
  
  
 
  
  
  
 
  
  
 
     = extrapolation of beam moment to joint centre. 
 
   
  
  
   
   
  
 
   
  
  
   
   
  
 
       = average joint core moment. 
 
      
   
 +   
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      = moment in column at joint edge. 
 
     
        
 
  
 
 
      = shear in the column. 
 
     
    
  
  
 
     = horizontal joint shear. 
 
    −   3
 +    
 +    
 +    
  +      
 
   Tension values and the shear in the column have opposite signs,  
hence the negative sign. 
 
As stated previously, the beam over-strength moments and forces are determined by using an 
over-strength multiplier on the reinforcement forces, as is done in practice [49]. 
 
Table A.19: Beam over-strength capacity 
Beam Over-strength Capacity 
Positive Curvature Negative Curvature 
Mb(+o) 222.7 kNm Mb(-o) 391.6 kNm 
Vb(+o) 100.7 kN Vb(-o) 177.2 kN 
Mjb(+o) 245.7 kNm Mjb(-o) 432.1 kNm 
Mjcol(o) 339 kNm 
Mcol(o) 277 kNm 
Vcol(o) 202 kN 
Vjh(o) 919 kN 
 
       = ultimate moment in the beam, allowing for strain hardening. 
   For positive curvature. 
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   λ2(bot) is used as this directly relates to the over-strength capacity of the  
tension reinforcement under positive loading. 
    
For negative curvature. 
 
                    
 
Other than       , the remaining factors in Table A.19 have identical calculations as the those 
used in the yield and flexural calculations shown in Table A.18. 
 
        = joint shear force allowing for strain-hardening in both beams. 
 
       −(     (  3     +         ) +      (        +         )) −         
 
The tension values (negative) and the shear in the column (positive) 
have opposite signs. 
 
A.1.18 Column Flexural Calculations 
With capacity design it is important to ensure the columns remain elastic during loading.  By 
checking the flexural capacity of the columns it is possible to check how stressed the column 
bars are likely to become. 
 
Table A.20 determines the flexural capacity of the column.  Two scenarios have been 
considered: first yield of the column bars (yc) and the flexural capacity of the column excluding 
strain-hardening (fc).  The strain hardening scenario has not been considered as this would 
imply that the column has formed plastic hinges.  This is not standard practice and specimens 
like this have not been included in the database.  The process in determining the flexural 
capacity is essentially the same as for the beams in Section A.1.17, with the addition of axial 
load. 
 
   = neutral axis depth from the compression edge of the column.  This  
value is the output from the Goal Seek command in summating the  
forces in the column to produce equilibrium. 
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Table A.20: Column flexural capacity 
Column Flexural 
Capacity 
c(fc) 88.3 mm 
εc(fc) 0.00300   
εs5(fc) 0.00154   
εs6(fc) -0.00192   
εs7(fc) -0.00760   
εs8(fc) 0.00000   
εs9(fc) 0.00000   
εs10(fc) -0.01106   
fs5(fc) 308 MPa 
fs6(fc) -385 MPa 
fs7(fc) -423 MPa 
fs8(fc) 0 MPa 
fs9(fc) 0 MPa 
fs10(fc) -423 MPa 
Cs5(fc) 476780 N 
Cs6(fc) -297941 N 
Ts7(fc) -327466 N 
Ts8(fc) 0 N 
Ts9(fc) 0 N 
Ts10(fc) -654932 N 
N(fc) -322400 N 
Cc(fc) 1125959 N 
∑F(fc) 0 N 
Mcol(fc) 429.0 kNm 
Vcol(fc) 312.7 kN 
 
 
     = strain on the steel in row  , where   = 5 – 10. 
When considering the first yield scenario the outermost tension bar is  
set to its yield strain.  The remainder of the reinforcement and the  
concrete strain are then scaled from this value.  As in the beams an  
outermost layer of reinforcement is always present and due to  
symmetry of column reinforcement the outermost layer is taken as  
row 10 (see Section A.1.11 for column row definitions). 
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   0   −   
   0 −   
 
 
where     0   
    
  
 
 
When considering the flexural capacity scenario the concrete ultimate  
design strain is known (0.003) and can be used to scale the strains in  
the column reinforcement. 
 
    
    −    
 
  
 
    = concrete strain. 
When considering the first yield scenario: 
 
   
   0 −  
   0 −   
  
 
where 
   0   
   0
  
 
When considering flexural capacity: 
 
         
 
     = stress in the steel in row  , for   = 5 – 10. 
 
    min       ,       
 
     = force in the steel in row  , if bars are in tension. 
 
                      
 
     = force in the steel in row x, if bars are in compression. 
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Cc  = force in the concrete compression zone, calculated in the same  
discretised manner as the beams in Section A.1.17. 
 
   = axial load on the column. 
 
∑   = summation of forces resulting in equilibrium.  Goal Seek in Excel is  
used to determine the neutral axis position (c) by reaching equilibrium  
of beam forces. 
 
∑  ∑    
   0
  5
+   +                             
 
   Axial load and tension forces are considered a negative sign, while  
compression is positive. 
 
      = flexural moment capacity of the beam.  Found by taking moments  
about row 10’s reinforcement. 
 
     ∑   
  9
  5
   0 −    +      0 −
  
 
 +     0 −      
    
where, as in the beams,     is the depth from the compression edge of  
the column to the centroid of the concrete compression force. 
 
      = shear in the column. 
     
    
  
  
 
A.1.19 Measured Moments and Forces 
Data provided by researchers generally involve a hysteresis of column shear to column 
deflection, beam load to beam end deflection, or the moment rotation behaviour of the beams or 
columns.  By knowing the shear in the beams at the maximum measured shear force in the 
column, it is possible to determine the maximum joint shear that the specimen reached, with 
some approximations. 
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Table A.21: Measured joint moments and forces 
Positive Curvature Negative Curvature 
Mb(+M) 247.5 kNm Mb(-M) 383.7 kNm 
Vb(+M) 112.0 kN Vb(-M) 173.6 kN 
T(+M) -486.3 kN T(-M) -753.7 kN 
Mjb(+M) 273.1 kNm Mjb(-M) 423.3 kNm 
Mjcol(M) 348 kNm 
Mcol(M) 285 kNm 
Vcol(M) 208 kN 
Vjh(M) 1032 kN 
 
 
This process is similar to that of Section A.1.17.  However, in this case the beam shear needs to 
be input in order to determine the remaining moments and forces. 
 
       = measured moment in the beams at column face. 
 
     
       
   
  
 
     
       
   
  
 
An issue arises when calculating the joint shear from the measured beam shear forces.  There is 
no way of determining what the actual forces in the reinforcement were at the peak measured 
shear strength.  Instead an assumption must be made, given that the beam moments are known.  
If the internal lever arm of the beam is taken as the distance between the tension and 
compression reinforcement (jd), then the force in the tension reinforcement can be 
approximated (rows 3-4 for positive curvature and 1-2 for negative curvature).  This only 
affects the calculation of the measured joint shear, which is not an issue as the joints 
performance is measured more accurately by the column shear force, as described in 
Section 3.2. 
 
      = approximated force in tension reinforcement from the measured beam  
moments. 
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        = extrapolation of the measured beam moment to joint centre. 
 
       
    
   
  
 
         = measured average joint core moment. 
 
         
      
 +      
 
 
 
 
 
         = measured moment in column at joint edge. 
 
        
           
 
  
 
 
         = measured shear in the column. 
 
        
       
  
  
 
        = measured horizontal joint shear. 
 
    −(    
 +     
 ) −      
 
The tension values (negative) and the shear in the column (positive) 
have opposite signs. 
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Due to the assumption of the internal lever arm, this value is an 
approximation and should not be used for further calculations/data 
interpretation.  When comparing beam-column joint specimens the 
column shear (      is more applicable, as it can be calculated simply 
with geometry manipulation, with the only assumption being that the 
shear in the column above and below the joint are equal, which may 
not be the case in practice. 
 
A.1.20 Column Shear-Sway Data 
It is necessary to determine the displacement response of the specimen as the curvature ductility 
is one of the key performance criteria as stated in Section 3.2.  This information is taken from 
hysteresis plots in the following manner. 
 
1. A line is projected, at the shear force associated with the flexural capacity of the beams 
(        ), as determined from the calculations in Table A.18.  In some situations, this 
line is on a gradient, rather than parallel to the x axis.  This is due to the influence of 
axial load and varies depending on the definition of shear force on the y axis.  Consider 
the force diagram in Figure A.8.  This can be applied as the top column above a joint.  
Where   is the force applied by an actuator on the column and   is the axial load on 
the column.  If equilibrium of moments is considered: 
 
     
  
  
+  
 
Figure A.8: Axial load effects on column shear 
 
If the researcher has plotted the shear force experienced in the column (    ) and 
subsequently the force that the joint will be subjected to, there will be no need for a 
gradient.  If however the researcher is presenting the shear axis as a force that was 
A-44 
 
applied by an actuator ( ) and the recorded shear force is only the actuator force, then a 
gradient shift of the axis is necessary.  This is because only   is being shown and 
    ⁄  must be added to   to give the shear force in the column (    ).  In the event 
that no axial load is applied to the column this capacity line will always be horizontal.  
In this example, using the data from Beckingsale [6], as has been done throughout this 
chapter, it is evident that the researcher has presented the actuator force on the vertical 
axis, requiring a tilt of the axis as shown in Figure A.9.  Also shown are the 
researcher’s values for the theoretical strength of the joint and first yield strength of the 
joint (black gradient lines).  These can be compared to the values calculated by the 
method followed in this chapter, for the theoretical strength (purple line) and yield 
strength (green line). 
 
 
a) Step 1, Theoretical strength and yield strength b) Step 2, Joint yield point defined 
Figure A.9: Hysteretic setup, steps 1 and 2 [6]. 
 
2. With the theoretical strength known, a line is projected from the axis intercept of zero 
force and zero deflection, through the point on the hysteresis curve, which first reaches 
75% of the theoretical shear strength, to the point where it meets the theoretical 
strength line (purple).  This is done, as a clearly defined yield point often does not 
exist, due to the concrete cracking and different layers of reinforcement in the beams 
yielding at different loading points.  This line is shown by the blue dotted line in    
Figure A.9 b).  The 75% point is used as it is expected that the beams will have 
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experienced concrete cracking, but the reinforcement will not have reached yield 
strains yet.  This method of determining a definitive yield point for reinforced concrete 
frames has been used extensively in New Zealand [21, 50], which is why it has been 
selected here. 
 
3. The maximum measured shear force is recorded.  This is simply taken as the point on 
the plot which has the highest column shear load.  This point is necessary for 
determining the failure point of the joint.  In New Zealand design failure of a frame is 
generally accepted as the point where the shear carrying capacity drops to 80% of the 
maximum measured shear force [46, 50].  However, as beam-column joints that do not 
present a definitive failure are not useful in this research, because they were stopped 
before a failure mode presented itself; an alternative failure mode is used.  For this 
research the failure point of a beam-column joint is defined as the point where the 
beam-column joint drops below 90% of the maximum measured shear carrying 
capacity.  This 10% reduction creates a more conservative approach to defining failure, 
but it also allows for the maximum utilisation of data from researchers that stopped 
testing before 80% of the shear carrying capacity was reached.  This failure definition 
was also used by Lin [38], for the same reason of maximising the available data.  This 
90% of maximum measured shear capacity is also added to the plot (orange line) and 
failure is defined as the point where the backbone of the hysteresis drops below this 
line. 
 
Some rules are used to define the failure point: 
 
 Failure shall be consider as the load point in which the backbone curve or envelope 
curve fails to reach 90% of the shear carrying capacity. 
 
 If, for example, the joint fails to reach this threshold for a certain displacement (a), but 
then does exceed the 90% threshold in the next cycle (b), then failure did not occur in 
cycle (a).  This has been decided, as the joint has not actually lost its load carrying 
capacity in cycle (a), but it has experienced such a stiffness degradation that the 
threshold cannot be reached without further deformation.  This is typical of a bond slip 
failure in which pinching of the hysteresis reduces the joint stiffness until concrete 
compression forces are reintroduced. 
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 If, for example, the joint fails to reach the threshold in cycle (a), but an increase in 
strength is noticed in the next cycle (b), but cycle (b) is still below the threshold, then 
failure is defined as occurring in cycle (a).  This is because the backbone curve dropped 
below the threshold and did not exceed the threshold again, despite further 
displacement. 
 
 If the joint fails to reach the theoretical strength, but plastic hinges form in the beams, 
then the failure point is defined as 90% of the theoretical shear carrying capacity. 
 
 If the joint fails to reach the theoretical strength, without plastic hinges forming in the 
beams, then the joint has failed prior to beam flexural/shear failure, and therefore, the 
failure point is taken as the maximum shear carrying capacity of the joint.  Only the 
shear strength is of interest in these cases as the joint has failed prior to beam hinging, 
negating the assumption that the deformation is occurring in the beams.  This prevents 
the calculation of the curvature ductility of the joint, which is why the second 
performance indicator of the shear strength ratio                 ⁄   is used. 
 
With these rules applied a red star is added to the plot to represent the failure point of 
the joint.  A vertical line is applied to the maximum measured shear force point and the 
failure point, in both positive and negative deflections, so that the corresponding 
maximum deflection and failure deflection can be determined.  These are shown in 
Figure A.10.  Fenwick and Dhakal [21] found that the failure deflection was often 
influenced by the deflection in the half cycle prior to failure.  In the majority of cases 
the failure deflection was often preceded by a large displacement in the opposite 
loading direction.  This showed that the failure of the specimen was often dependent on 
the range of displacement covered in the cycle of failure and the half cycle prior to 
failure.  This is accounted for by taking the failure displacement as the average of the 
displacement in the failure cycle and the displacement in the half cycle prior to failure.  
This is shown in Figure A.10 by the vertical line at the half cycle prior to the failure 
cycle. 
 
Also noted by Fenwick and Dhakal [21] was that the failure deflection was dependent 
on the number of cycles sustained at the failure deflection.  Clearly each cycle to a non-
elastic displacement degrades the joint further, therefore reducing the effective strength 
of the joint.  If the joint was only subjected to one cycle at each increasing 
displacement, then the performance would be superior to that of a joint which was 
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subjected to numerous cycles at each displacement, before increasing the displacement.  
To account for this Fenwick and Dhakal [21] suggested multiplying the average failure 
deflection, by           where   is the number of cycles sustained at the failure 
displacement, prior to the failure cycle, but no greater than 8.  In the example given in 
Figure A.10, the joint failed on the 5
th
 peak load deflection, therefore,    .  This has 
also been adopted in this research, with one minor change.  In this thesis,   is defined 
as the number of times the maximum positive and negative ductility was reached, 
including the failure cycle.  This modification is used to account for the situation when 
the joint fails on the first cycle at a larger ductility.  If the original multiplier is used, 
then     and the multiplier becomes       , which produces a lower deflection than 
the one that actually occurred at failure.  This modification allows for continuity around 
the initial cycles to the maximum ductility, and therefore, in the example of          
Figure A.10,    . 
 
Figure A.10: Final hysteretic setup 
Failure point 
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The curvature ductility of the frame is found with the following derivation.  One assumption is 
made in that the deformation of the joint is occurring in the beam plastic hinge regions.  This 
assumption is only valid when deformations in the column and the joint remain negligible or in 
the elastic range.  Since this is not the case for many beam-column joints, which failed in joint 
shear failure, prior to the development of plastic hinges, the alternative performance indicator 
of column shear reached, compared to theoretical, see Section 3.2, is used for such cases.  
Therefore, the curvature ductility can only be used as a performance indicator for beam-column 
joints in which the beams develop plastic hinges.  Figure A.11 shows the assumed displacement 
situations for a frame with the plastic rotation occurring in the beams [22].  The picture has 
been modified from the original notation, to keep the notation consistent throughout this thesis. 
 
 
Figure A.11: Frame deflection, with rotation occurring in the beam plastic hinge regions [22] 
 
The data from the hysteresis plots is collected and summarised in Table A.22. 
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Table A.22: Data from column shear-sway data 
Positive Deflection 
  Load Run Δ (mm) Δp (mm) ϕy (mm
-1
) ϕp (mm
-1
) ϕ (mm-1) μΔ μϕ 
3/4 Theoretical NA 21.1 0.0 3.11E-06 0.00E+00 3.11E-06 0.8 0.8 
Projected Yield NA 28.1 0.0 4.15E-06 0.00E+00 4.15E-06 1.0 1.0 
Max Shear 19 127.8 99.7 4.15E-06 1.16E-04 1.20E-04 4.5 28.8 
Failure/End 21 117.3 89.2 4.15E-06 1.03E-04 1.07E-04 4.2 25.9 
Negative Deflection 
3/4 Theoretical NA -20.0 0 -3.11E-06 0.00E+00 -3.11E-06 0.8 0.8 
Projected Yield NA -26.6 0.0 -4.15E-06 0.00E+00 -4.15E-06 1.0 1.0 
Max Shear 18 -122.2 -95.6 -4.15E-06 -1.11E-04 -1.15E-04 4.6 27.7 
Failure/End 20 -199.9 -173.3 -4.15E-06 -2.01E-04 -2.05E-04 7.5 49.4 
Averages 
Projected Yield NA 27.4 0.0 4.15E-06 0.00E+00 4.15E-06 1.0 1.0 
Failure/End 20-21 158.6 131.3 4.15E-06 1.52E-04 1.56E-04 5.8 37.6 
Adjusted 
Failure 20-21 183.6 156.2 4.15E-06 1.81E-04 1.85E-04 6.7 44.6 
 
From the hysteresis plot of Figure A.10, the total drift    , is given by, 
 
  
  +   
 
 
 
    = elastic deflection of the frame 
 
   
  
 +   
 
 
 
 
   where   
 and   
  are the projected elastic displacements from the  
hysteresis plots for positive and negative displacements. 
 
    = plastic deflection of the frame. 
 
    −    
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    = elastic curvature of the beam. 
 
   
  7  
  
 
 
This approximation of the yield curvature has been adopted from 
Priestley [63], Fenwick and Dhakal [21] considered situations for 
beams, columns and walls during their derivation, which resulted in the 
use of a multiplier value of 2 instead of 1.7, as 2 was considered an 
average for all three design situations.  However, in this research, the 
deformations are assumed to be occurring within the beams, and 
therefore, a multiplier of 1.7 is used, which is specific to beam 
deformation [63].  
 
    = plastic curvature of the beam. 
 
   
    
      (   
 −     )
 
 
where      is the effective length of the plastic hinge.  This is an  
idealisation of the true plastic hinge zone, in which the plastic  
deformation of the beam would be spread along the beam in a complex  
manner.  This idealisation assumes that all the plastic rotation of the 
beam occurs within this length from the column face, greatly 
simplifying the process [21]. 
 
     
  
 
 
 
The derivation for the plastic curvature, with reference to Figure A.11 
is: 
 
   
  
  
 
 
   
    
  
 
  
  
  
  
 
  
  
  
    
 −      
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where    is the length of the beam between column centrelines,  
  is the 
length of the beam, between the centres of the plastic hinge zones and 
  
  is the length of the beam from column face to mid-span. 
 
   
  
    
 
    
      (   
 −     )
 
 
   = total curvature of the frame. 
 
    +   
 
    = displacement ductility. 
 
   
 
  
 
 
    = curvature ductility. 
 
   
 
  
 
 
The adjusted failure section of Table A.22 provides the final values based on the average of the 
positive and negative deflections, as well as the multiplier on the failure displacement, 
depending on the number of cycles achieved at the failure displacement. 
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A.1.21 Failure Details 
To summarise the failure mode of the joint during testing, Table A.23 shows important features 
of the joint’s failure. 
Table A.23: Failure details 
Failure Details 
 
Comment Load Run 
Test Reached Failure Yes 21 
Adjusted Maximum 
Curvature 44.6   
# Times Reached 
Maximum Ductility 4   
Column Bar Yield NA   
Joint Stirrups Yield 3/8 20 
Beam Failure Mode Bond Slip 17 
Bond Failure Location Lower   
 
The comments here help to categorise the failure mode for further analysis. 
 
A.2 Trends Database 
All of the data provided in this appendix, thus far, has been for individual spread-sheets for 
each specimen.  In order to compare the designs and performance of each specimen with 
another, a common database collecting all the influential parameters is required.  This database 
is set up in the format shown in Table A.24. 
 
Table A.24: Trends database format 
Researcher Unit Parameter 1 Parameter 2 Parameter 3 Parameter 4 
Researcher A A1         
Researcher B B1         
Researcher C C1         
Researcher D D1         
Researcher E E1         
 
The first column lists the primary researcher of the beam-column joint of interest and second 
column labels the joint according to the title given in the original publication.  The remaining 
columns are the parameters of interest, the majority of which are discussed in Chapter 3.  The 
following lists all of the factors which are compared, to find trends in the design parameters and 
the beam-column joint performance. 
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Researcher  = primary researcher of the beam-column joint test. 
 
Unit   = original specimen designation. 
 
        
 ⁄   = ratio of the provided shear resistance, from horizontal joint  
shear reinforcement to the design horizontal shear force, 
including strain hardening. 
 
         
 ⁄   = ratio of the provided effective shear resistance, from horizontal  
joint shear reinforcement to the design horizontal shear force, 
including strain hardening. 
 
        
 ⁄   = ratio of the provided vertical shear reinforcement, from the  
column intermediate reinforcement to the design vertical shear 
force, including strain hardening of the longitudinal beam bars. 
 
   
   ⁄   = axial stress ratio on the column. 
 
    
   
 ⁄   = ratio of the design horizontal shear stress for the joint to the  
concrete compressive strength. 
 
    
 √  
 ⁄   = ratio of the design horizontal shear stress for the joint to the  
square root of the concrete compressive strength, to relate the 
joint shear to the tensile strength of the concrete. 
 
         ⁄   = ratio of the provided beam shear reinforcement to the required  
amount, assuming no concrete contribution to beam shear. 
 
        = ratio of the anchorage provided by the column depth to the  
maximum longitudinal beam reinforcement diameter. 
 
    
 ⁄    = ratio of the average beam longitudinal reinforcement strength  
to the concrete compressive strength. 
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  √  
 ⁄    = ratio of the average beam longitudinal reinforcement strength  
to the square root of the concrete compressive strength, to give 
a relationship to the tensile strength of the concrete. 
 
    = ratio of the bottom reinforcement area to the top reinforcement  
area. 
 
    ⁄    = ratio of the beam width to the column width. 
 
     ⁄   = ratio of the beam reinforcement to the effective beam area. 
 
       = ratio of the column natural axis length to the column depth. 
 
        ⁄    = ratio of the moment in the column at over-strength of the  
beams, to the yield moment of the column. 
 
         ⁄   = ratio of the measured maximum shear in the column to the  
column shear at the theoretical yield point of the beam 
reinforcement.  Used as the performance indicator for joints 
which failed in joint shear prior to beam yield. 
 
     = curvature ductility of the joint.  Used as the performance  
indicator for the joints which failed with beam plastic hinges. 
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Appendix B  Database Summary 
Researcher Unit Failure Mode Vshp/Vjho Vshpe/Vjho Fint/Vjv N/f'cAg 
Brooke 2005 1B Beam Shear-Flexure 0.92 0.82 0.88 0.01 
Brooke 2005 2B Beam Shear-Flexure 0.79 0.69 0.88 0.01 
Priestley 1975 IBCJ Beam Shear-Flexure 2.04 1.76 0.85 0.05 
Restrepo 1992 U6 Beam Shear-Flexure 1.15 1.13 0.90 0.00 
Beckingsale 1980 B11 Bond in Beams 1.48 1.35 0.53 0.04 
Beckingsale 1980 B12 Bond in Beams 1.48 1.35 0.53 0.04 
Brooke 2005 3B Bond in Beams 0.79 0.69 0.56 0.01 
Brooke 2005 4B Bond in Beams 0.79 0.69 0.56 0.01 
Joh 1991 JXO-B8-HH Bond in Beams 1.69 1.59 0.85 0.15 
Joh 1991 JXO-B8-HL Bond in Beams 1.69 1.59 0.85 0.14 
Joh 1991 JXO-B8-LH Bond in Beams 0.20 0.20 0.85 0.15 
Joh 1991 JXO-B8-MH Bond in Beams 0.46 0.40 0.85 0.14 
Lin 2000 Unit 2 Bond in Beams 0.74 0.67 0.18 0.43 
Lin 2000 Unit 3 Bond in Beams 0.44 0.44 0.25 0.10 
Lin 2000 Unit 4 Bond in Beams 0.44 0.44 0.25 0.10 
Ruitong 1987 Unit 2 Bond in Beams 1.12 1.00 0.51 0.00 
Ruitong 1987 Unit 4 Bond in Beams 0.61 0.53 0.34 0.00 
Xin 1982 Unit 2 Bond in Beams 0.67 0.64 0.30 0.00 
Xin 1982 Unit 3 Bond in Beams 0.71 0.68 0.39 0.00 
Xin 1982 Unit 4 Bond in Beams 0.84 0.82 0.33 0.00 
Xin 1982 Unit 6 Bond in Beams 0.62 0.60 0.32 0.00 
Birss 1978 B1 Tensile Joint Shear 0.53 0.45 0.44 0.05 
Birss 1978 B2 Crushing of Joint Core 0.16 0.14 0.44 0.44 
Durani 1982 X2 Tensile Joint Shear 0.56 0.52 0.44 0.05 
Lin 2000 Unit 1 Crushing of Joint Core 0.49 0.43 0.18 0.43 
Meinheit 1977 VI Joint Shear Possible Crushing 0.11 0.11 0.76 0.49 
Milburn 1982 U1 Tensile Joint Shear 1.05 0.91 0.39 0.10 
Nogushi 1992 OKJ-1 Tensile Joint Shear 0.21 0.20 0.49 0.12 
Nogushi 1992 OKJ-3 Tensile Joint Shear 0.16 0.16 0.48 0.12 
Nogushi 1992 OKJ-4 Tensile Joint Shear 0.21 0.20 0.49 0.12 
Stevenson 1980 Unit 1 Tensile Joint Shear 0.59 0.29 0.22 0.24 
Durrani 1982 X1 Tensile Joint Shear with Bond 0.37 0.37 0.44 0.05 
Durrani 1982 X3 Tensile Joint Shear with Bond 0.50 0.49 0.33 0.05 
Lin 2000 Unit 8 Tensile Joint Shear with Bond 0.60 0.58 0.32 0.10 
Meinheit 1977 II Tensile Joint Shear with Bond 0.11 0.11 0.77 0.25 
Meinheit 1977 V Tensile Joint Shear with Bond 0.11 0.11 0.76 0.04 
Meinheit 1977 XII Tensile Joint Shear with Bond 0.52 0.48 0.76 0.31 
Shiohara 2009 B01 Tensile Joint Shear with Bond 0.12 0.12 0.00 0.00 
Xin 1982 Unit 1 Tensile Joint Shear with Bond 0.71 0.64 0.39 0.00 
Xin 1982 Unit 5 Tensile Joint Shear with Bond 0.59 0.57 0.30 0.00 
Fujii 1991 A1 Tensile Joint Shear 0.04 0.03 0.33 0.08 
Fujii 1991 A2 Tensile Joint Shear 0.09 0.08 0.47 0.08 
Fujii 1991 A3 Tensile Joint Shear 0.04 0.03 0.33 0.23 
Fujii 1991 A4 Tensile Joint Shear 0.10 0.09 0.33 0.23 
Meinheit 1977 I Joint Shear  Possible Crushing 0.11 0.11 0.37 0.40 
Meinheit 1977 III Tensile Joint Shear 0.11 0.11 1.26 0.39 
Meinheit 1977 IV Tensile Joint Shear 0.11 0.11 0.55 0.30 
Meinheit 1977 VII Joint Shear Possible Crushing 0.11 0.11 0.55 0.47 
Meinheit 1977 XIV Tensile Joint Shear 0.32 0.30 0.55 0.32 
Morita 1999 No.1 Tensile Joint Shear 0.08 0.08 0.57 0.31 
Morita 1999 No.6 Tensile Joint Shear 0.11 0.04 0.80 0.31 
Morita 1999 M1 Tensile Joint Shear 0.02 0.02 0.47 0.00 
Morita 1999 M4 Tensile Joint Shear 0.33 0.33 0.47 0.00 
Nogushi 1992 OKJ-5 Tensile Joint Shear 0.16 0.16 0.58 0.12 
Nogushi 1992 OKJ-6 Tensile Joint Shear 0.22 0.22 0.52 0.12 
Shiohara 2009 B02 Tensile Joint Shear 0.10 0.10 0.00 0.00 
Shiohara 2009 B03 Tensile Joint Shear 0.06 0.06 0.00 0.00 
Zaid 2001 S3 Tensile Joint Shear 0.18 0.18 0.52 0.04 
 
 
B-2 
 
 
Researcher Unit f'c/vjho f'c
0.5/vjho Vsp/Vsreqd hc/db f'c/fy f'c
0.5/fy β wb/wc 
Brooke 2005 1B 5.25 0.94 1.02 32.00 0.06 0.010 1.00 0.56 
Brooke 2005 2B 6.84 1.07 1.01 32.00 0.07 0.012 1.00 0.56 
Priestley 1975 IBCJ 13.69 1.97 1.68 23.94 0.17 0.025 0.70 0.67 
Restrepo 1992 U6 14.24 2.15 1.63 25.00 0.15 0.023 1.00 0.67 
Beckingsale 1980 B11 8.16 1.36 2.50 23.99 0.12 0.020 0.50 0.78 
Beckingsale 1980 B12 7.87 1.34 3.23 23.99 0.12 0.020 1.00 0.78 
Brooke 2005 3B 6.37 0.95 1.01 27.00 0.08 0.012 1.00 0.56 
Brooke 2005 4B 6.08 0.93 1.01 27.00 0.08 0.012 1.00 0.56 
Joh 1991 JXO-B8-HH 7.10 1.40 4.53 23.08 0.06 0.013 1.00 0.67 
Joh 1991 JXO-B8-HL 7.60 1.45 2.26 23.08 0.07 0.013 1.00 0.67 
Joh 1991 JXO-B8-LH 7.46 1.44 4.52 23.08 0.07 0.013 1.00 0.67 
Joh 1991 JXO-B8-MH 7.80 1.47 4.51 23.08 0.07 0.013 1.00 0.67 
Lin 2000 Unit 2 5.51 0.95 1.39 32.50 0.06 0.011 1.00 0.77 
Lin 2000 Unit 3 8.23 1.35 1.42 32.50 0.07 0.012 1.00 0.77 
Lin 2000 Unit 4 8.23 1.35 1.09 32.50 0.07 0.012 0.50 0.77 
Ruitong 1987 Unit 2 8.55 1.43 1.68 14.50 0.12 0.019 0.51 0.75 
Ruitong 1987 Unit 4 9.60 1.52 1.67 14.50 0.13 0.021 0.51 0.75 
Xin 1982 Unit 2 10.32 1.62 2.16 28.13 0.09 0.014 0.50 0.83 
Xin 1982 Unit 3 8.03 1.23 2.15 28.13 0.10 0.015 1.00 0.83 
Xin 1982 Unit 4 13.19 1.92 2.45 22.50 0.10 0.015 0.64 0.83 
Xin 1982 Unit 6 9.13 1.19 1.36 16.07 0.13 0.016 0.51 0.83 
Birss 1978 B1 4.39 0.83 2.04 22.85 0.10 0.018 1.00 0.78 
Birss 1978 B2 4.96 0.88 2.03 22.85 0.11 0.019 1.00 0.78 
Durani 1982 X2 5.39 0.93 1.10 16.29 0.10 0.017 0.73 0.77 
Lin 2000 Unit 1 5.51 0.95 1.39 32.50 0.06 0.011 1.00 0.77 
Meinheit 1977 VI 2.88 0.48 1.26 14.17 0.08 0.014 0.62 0.85 
Milburn 1982 U1 5.23 0.81 5.68 25.38 0.13 0.020 1.00 0.75 
Nogushi 1992 OKJ-1 4.02 0.48 1.35 23.08 0.10 0.012 0.78 0.67 
Nogushi 1992 OKJ-3 4.90 0.47 1.19 23.08 0.15 0.014 1.00 0.67 
Nogushi 1992 OKJ-4 4.02 0.48 1.35 23.08 0.10 0.012 0.78 0.67 
Stevenson 1980 Unit 1 4.02 0.69 2.27 25.38 0.10 0.017 1.00 0.75 
Durrani 1982 X1 5.49 0.94 1.10 16.29 0.10 0.017 0.73 0.77 
Durrani 1982 X3 6.63 1.19 1.45 16.29 0.09 0.017 0.73 0.77 
Lin 2000 Unit 8 5.49 0.95 1.08 32.50 0.06 0.011 1.00 0.77 
Meinheit 1977 II 3.29 0.51 1.25 14.17 0.10 0.015 0.62 0.85 
Meinheit 1977 V 2.82 0.47 1.26 14.17 0.08 0.014 0.62 0.85 
Meinheit 1977 XII 2.76 0.47 1.26 14.17 0.08 0.014 0.62 0.85 
Shiohara 2009 B01 4.58 0.85 1.27 18.46 0.08 0.014 1.00 1.00 
Xin 1982 Unit 1 5.78 1.04 1.02 37.50 0.07 0.012 1.00 0.83 
Xin 1982 Unit 5 8.86 1.14 1.65 22.50 0.12 0.016 1.00 0.83 
Fujii 1991 A1 1.49 0.23 0.76 22.00 0.04 0.006 1.00 0.73 
Fujii 1991 A2 3.55 0.56 1.64 22.00 0.10 0.016 1.00 0.73 
Fujii 1991 A3 1.49 0.23 0.76 22.00 0.04 0.006 1.00 0.73 
Fujii 1991 A4 1.49 0.23 0.76 22.00 0.04 0.006 1.00 0.73 
Meinheit 1977 I 2.05 0.40 1.29 14.17 0.06 0.012 0.62 0.85 
Meinheit 1977 III 2.08 0.40 1.29 14.17 0.06 0.012 0.62 0.85 
Meinheit 1977 IV 2.85 0.47 1.23 10.23 0.08 0.014 0.62 0.89 
Meinheit 1977 VII 2.93 0.48 1.23 10.23 0.09 0.014 0.62 0.89 
Meinheit 1977 XIV 2.62 0.45 1.24 10.23 0.08 0.013 0.62 0.89 
Morita 1999 No.1 1.24 0.26 2.20 14.00 0.04 0.009 1.00 0.71 
Morita 1999 No.6 1.69 0.36 3.11 21.88 0.04 0.009 1.00 0.71 
Morita 1999 M1 0.81 0.20 2.59 14.00 0.03 0.008 1.00 1.00 
Morita 1999 M4 0.98 0.22 2.56 14.00 0.04 0.009 1.00 1.00 
Nogushi 1992 OKJ-5 3.18 0.38 1.23 23.08 0.10 0.012 1.00 0.67 
Nogushi 1992 OKJ-6 3.26 0.45 1.53 23.08 0.07 0.010 0.88 0.67 
Shiohara 2009 B02 3.66 0.68 1.03 18.46 0.08 0.014 1.00 1.00 
Shiohara 2009 B03 2.14 0.40 0.61 15.00 0.07 0.013 1.00 1.00 
Zaid 2001 S3 2.57 0.49 1.53 18.75 0.06 0.011 1.00 0.67 
 
 
 
B-3 
 
 
Researcher Unit As/wbd (%) Column c/h Mcol(o/yc) Vcol(M/yb) μφ Failure 
Brooke 2005 1B 1.47 0.25 0.71 1.16 21.90 
Brooke 2005 2B 1.47 0.24 0.70 1.17 21.50 
Priestley 1975 IBCJ 1.04 0.34 0.57 1.36 51.00 
Restrepo 1992 U6 0.86 0.23 0.76 1.31 43.40 
Beckingsale 1980 B11 1.05 0.30 0.78 1.26 47.20 
Beckingsale 1980 B12 0.79 0.30 0.78 1.28 39.30 
Brooke 2005 3B 1.47 0.21 1.08 1.09 20.30 
Brooke 2005 4B 1.47 0.21 1.08 1.10 19.80 
Joh 1991 JXO-B8-HH 0.57 0.38 0.53 1.08 30.10 
Joh 1991 JXO-B8-HL 0.57 0.37 0.53 1.13 29.20 
Joh 1991 JXO-B8-LH 0.57 0.37 0.53 1.11 34.40 
Joh 1991 JXO-B8-MH 0.57 0.37 0.53 1.12 34.50 
Lin 2000 Unit 2 0.55 0.53 0.77 1.20 21.20 
Lin 2000 Unit 3 0.41 0.30 0.98 1.12 19.30 
Lin 2000 Unit 4 0.55 0.30 0.98 1.18 18.80 
Ruitong 1987 Unit 2 1.18 0.26 0.68 1.18 29.80 
Ruitong 1987 Unit 4 1.18 0.24 0.71 1.10 30.70 
Xin 1982 Unit 2 0.64 0.25 0.70 1.20 31.60 
Xin 1982 Unit 3 0.64 0.29 0.55 1.23 25.40 
Xin 1982 Unit 4 0.50 0.26 0.47 1.24 25.80 
Xin 1982 Unit 6 0.99 0.27 0.67 1.27 24.20 
Birss 1978 B1 1.16 0.33 0.96 1.02 25.40 
Birss 1978 B2 1.16 0.54 0.57 1.09 11.10 
Durani 1982 X2 1.33 0.33 0.76 1.35 43.30 
Lin 2000 Unit 1 0.55 0.53 0.77 1.15 13.30 
Meinheit 1977 VI 1.92 0.55 0.65 1.03 10.70 
Milburn 1982 U1 1.54 0.34 0.84 1.16 38.60 
Nogushi 1992 OKJ-1 1.99 0.34 0.80 0.95 5.90 
Nogushi 1992 OKJ-3 2.21 0.35 0.81 1.03 5.70 
Nogushi 1992 OKJ-4 1.99 0.34 0.80 1.02 9.10 
Stevenson 1980 Unit 1 1.54 0.43 0.87 1.24 18.40 
Durrani 1982 X1 1.33 0.33 0.76 1.31 35.50 
Durrani 1982 X3 0.99 0.31 0.68 1.35 43.90 
Lin 2000 Unit 8 0.55 0.32 1.12 1.12 23.20 
Meinheit 1977 II 1.92 0.45 0.69 1.01 12.30 
Meinheit 1977 V 1.92 0.35 0.97 0.97 16.00 
Meinheit 1977 XII 1.92 0.47 0.71 1.22 23.00 
Shiohara 2009 B01 0.92 0.26 1.14 0.98 19.10 
Xin 1982 Unit 1 0.63 0.30 0.60 1.21 28.30 
Xin 1982 Unit 5 0.75 0.27 0.71 1.27 28.40 
Fujii 1991 A1 1.57 0.37 1.39 0.43 0.43 
Fujii 1991 A2 1.57 0.36 0.97 0.95 0.95 
Fujii 1991 A3 1.57 0.43 1.20 0.40 0.40 
Fujii 1991 A4 1.57 0.43 1.20 0.40 0.40 
Meinheit 1977 I 1.92 0.50 1.05 0.72 0.72 
Meinheit 1977 III 1.92 0.50 0.66 0.78 0.78 
Meinheit 1977 IV 1.32 0.58 0.83 0.88 0.88 
Meinheit 1977 VII 1.32 0.66 0.78 0.89 0.89 
Meinheit 1977 XIV 1.32 0.59 0.84 0.93 0.93 
Morita 1999 No.1 2.24 0.48 0.83 0.54 0.54 
Morita 1999 No.6 1.61 0.48 0.56 0.87 0.87 
Morita 1999 M1 1.64 0.41 1.09 0.43 0.43 
Morita 1999 M4 1.64 0.40 1.09 0.50 0.50 
Nogushi 1992 OKJ-5 2.21 0.36 0.91 0.88 0.88 
Nogushi 1992 OKJ-6 1.77 0.35 0.80 0.98 0.98 
Shiohara 2009 B02 1.15 0.28 1.14 0.91 0.91 
Shiohara 2009 B03 1.75 0.32 1.13 0.76 0.76 
Zaid 2001 S3 1.68 0.35 0.78 0.98 0.98 
 
 
 
B-4 
 
Researcher Unit Vshp (kN) Vshpe (kN) Vjho (kN) Fint (kN) Vjv (kN) N (kN) 
Brooke 2005 1B 1583 1398 1712 942 1070 90 
Brooke 2005 2B 1357 1178 1710 942 1069 117 
Priestley 1975 IBCJ 3404 2941 1668 1836 2161 1141 
Restrepo 1992 U6 959 943 834 879 973 0 
Beckingsale 1980 B11 1362 1243 919 655 1227 322 
Beckingsale 1980 B12 1362 1243 918 655 1226 318 
Brooke 2005 3B 1357 1178 1709 705 1266 109 
Brooke 2005 4B 1357 1178 1710 705 1266 104 
Joh 1991 JXO-B8-HH 549 517 325 322 379 353 
Joh 1991 JXO-B8-HL 549 517 324 322 379 353 
Joh 1991 JXO-B8-LH 64 64 325 322 379 353 
Joh 1991 JXO-B8-MH 149 130 324 322 378 354 
Lin 2000 Unit 2 680 615 920 238 1297 2178 
Lin 2000 Unit 3 302 302 684 238 965 563 
Lin 2000 Unit 4 302 302 684 238 964 563 
Ruitong 1987 Unit 2 584 521 521 299 587 0 
Ruitong 1987 Unit 4 317 274 517 200 582 0 
Xin 1982 Unit 2 360 342 534 179 593 0 
Xin 1982 Unit 3 508 483 715 309 794 0 
Xin 1982 Unit 4 407 398 483 179 537 0 
Xin 1982 Unit 6 548 525 877 309 974 0 
Birss 1978 B1 700 597 1327 773 1772 309 
Birss 1978 B2 211 180 1325 773 1769 2890 
Durani 1982 X2 456 430 819 419 948 221 
Lin 2000 Unit 1 453 399 920 238 1297 2178 
Meinheit 1977 VI 207 207 1920 1467 1920 2684 
Milburn 1982 U1 1029 890 978 428 1101 511 
Nogushi 1992 OKJ-1 324 318 1568 762 1568 756 
Nogushi 1992 OKJ-3 324 318 1965 953 1965 1156 
Nogushi 1992 OKJ-4 324 318 1568 762 1568 756 
Stevenson 1980 Unit 1 614 302 1047 259 1179 998 
Durrani 1982 X1 304 304 819 419 948 225 
Durrani 1982 X3 304 299 612 236 709 203 
Lin 2000 Unit 8 556 535 920 417 1297 505 
Meinheit 1977 II 207 207 1917 1467 1917 1600 
Meinheit 1977 V 207 207 1920 1467 1920 217 
Meinheit 1977 XII 1004 930 1920 1467 1920 1617 
Shiohara 2009 B01 45 45 365 0 365 0 
Xin 1982 Unit 1 508 459 721 309 801 0 
Xin 1982 Unit 5 548 525 925 309 1028 0 
Fujii 1991 A1 49 44 1309 489 1488 147 
Fujii 1991 A2 49 44 548 294 622 148 
Fujii 1991 A3 49 44 1309 489 1488 441 
Fujii 1991 A4 132 121 1309 489 1488 441 
Meinheit 1977 I 207 207 1925 709 1925 1588 
Meinheit 1977 III 207 207 1925 2429 1925 1584 
Meinheit 1977 IV 207 207 1913 1467 2649 1615 
Meinheit 1977 VII 207 207 1912 1467 2648 2656 
Meinheit 1977 XIV 622 576 1914 1467 2651 1615 
Morita 1999 No.1 178 168 2175 1250 2175 834 
Morita 1999 No.6 178 59 1563 1250 1563 833 
Morita 1999 M1 39 39 2207 1186 2523 0 
Morita 1999 M4 731 731 2203 1186 2518 0 
Nogushi 1992 OKJ-5 324 318 1979 1144 1979 756 
Nogushi 1992 OKJ-6 324 318 1476 762 1476 578 
Shiohara 2009 B02 45 45 457 0 457 0 
Shiohara 2009 B03 45 45 781 0 781 0 
Zaid 2001 S3 176 175 982 510 982 100 
B-5 
 
Researcher Unit f'c (MPa) Ag (mm2) vjho (MPa) f'c
0.5 
(MPa0.5) Vsp (kN) Vsreqd (kN) 
Brooke 2005 1B 31.2 288000 5.9 5.6 471 462 
Brooke 2005 2B 40.6 288000 5.9 6.4 471 464 
Priestley 1975 IBCJ 48.5 470596 3.5 7.0 601 357 
Restrepo 1992 U6 44.0 270000 3.1 6.6 559 342 
Beckingsale 1980 B11 35.9 208849 4.4 6.0 804 322 
Beckingsale 1980 B12 34.6 208849 4.4 5.9 805 249 
Brooke 2005 3B 44.8 243000 7.0 6.7 471 465 
Brooke 2005 4B 42.8 243000 7.0 6.5 471 465 
Joh 1991 JXO-B8-HH 25.6 90000 3.6 5.1 640 141 
Joh 1991 JXO-B8-HL 27.4 90000 3.6 5.2 320 142 
Joh 1991 JXO-B8-LH 26.9 90000 3.6 5.2 640 142 
Joh 1991 JXO-B8-MH 28.1 90000 3.6 5.3 640 142 
Lin 2000 Unit 2 33.3 152100 6.0 5.8 569 408 
Lin 2000 Unit 3 37.0 152100 4.5 6.1 442 311 
Lin 2000 Unit 4 37.0 152100 4.5 6.1 442 407 
Ruitong 1987 Unit 2 36.0 123830 4.2 6.0 350 209 
Ruitong 1987 Unit 4 40.1 123830 4.2 6.3 350 210 
Xin 1982 Unit 2 40.8 135000 4.0 6.4 607 282 
Xin 1982 Unit 3 42.5 135000 5.3 6.5 607 282 
Xin 1982 Unit 4 47.2 135000 3.6 6.9 607 247 
Xin 1982 Unit 6 59.3 135000 6.5 7.7 607 446 
Birss 1978 B1 27.9 208849 6.4 5.3 704 344 
Birss 1978 B2 31.5 208849 6.3 5.6 704 347 
Durani 1982 X2 33.7 131044 6.3 5.8 539 489 
Lin 2000 Unit 1 33.3 152100 6.0 5.8 569 408 
Meinheit 1977 VI 36.7 150810 12.7 6.1 691 548 
Milburn 1982 U1 41.3 123830 7.9 6.4 1133 199 
Nogushi 1992 OKJ-1 70.0 90000 17.4 8.4 1080 801 
Nogushi 1992 OKJ-3 107.0 90000 21.8 10.3 1080 909 
Nogushi 1992 OKJ-4 70.0 90000 17.4 8.4 1080 801 
Stevenson 1980 Unit 1 34.0 123830 8.5 5.8 499 220 
Durrani 1982 X1 34.3 131044 6.2 5.9 539 489 
Durrani 1982 X3 31.0 131044 4.7 5.6 539 371 
Lin 2000 Unit 8 33.2 152100 6.0 5.8 442 408 
Meinheit 1977 II 41.8 150810 12.7 6.5 691 553 
Meinheit 1977 V 35.9 150810 12.7 6.0 691 547 
Meinheit 1977 XII 35.2 150810 12.7 5.9 691 546 
Shiohara 2009 B01 29.0 57600 6.3 5.4 451 355 
Xin 1982 Unit 1 30.9 135000 5.3 5.6 288 282 
Xin 1982 Unit 5 60.7 135000 6.9 7.8 607 367 
Fujii 1991 A1 40.2 48400 27.0 6.3 549 722 
Fujii 1991 A2 40.2 48400 11.3 6.3 549 334 
Fujii 1991 A3 40.2 48400 27.0 6.3 549 722 
Fujii 1991 A4 40.2 48400 27.0 6.3 549 722 
Meinheit 1977 I 26.2 150810 12.8 5.1 691 535 
Meinheit 1977 III 26.6 150810 12.8 5.2 691 536 
Meinheit 1977 IV 36.1 150810 12.7 6.0 691 562 
Meinheit 1977 VII 37.2 150810 12.7 6.1 691 563 
Meinheit 1977 XIV 33.2 150810 12.7 5.8 691 559 
Morita 1999 No.1 22.1 122500 17.8 4.7 1974 896 
Morita 1999 No.6 21.6 122500 12.8 4.6 1974 634 
Morita 1999 M1 17.1 105000 21.0 4.1 2220 858 
Morita 1999 M4 20.6 105000 21.0 4.5 2220 868 
Nogushi 1992 OKJ-5 70.0 90000 22.0 8.4 1080 878 
Nogushi 1992 OKJ-6 53.5 90000 16.4 7.3 1080 706 
Shiohara 2009 B02 29.0 57600 7.9 5.4 451 439 
Shiohara 2009 B03 29.0 57600 13.6 5.4 451 735 
Zaid 2001 S3 28.0 90000 10.9 5.3 662 432 
B-6 
 
Researcher Unit hc (mm) db (mm) fy (MPa) β wb (mm) wc (mm) As (mm2) 
Brooke 2005 1B 800 25.0 552 1.00 200 360 1473 
Brooke 2005 2B 800 25.0 552 1.00 200 360 1473 
Priestley 1975 IBCJ 686 28.7 280 0.70 457 686 4237 
Restrepo 1992 U6 600 24.0 285 1.00 300 450 1810 
Beckingsale 1980 B11 457 19.1 298 0.50 356 457 2280 
Beckingsale 1980 B12 457 19.1 298 1.00 356 457 1710 
Brooke 2005 3B 675 25.0 552 1.00 200 360 1473 
Brooke 2005 4B 675 25.0 552 1.00 200 360 1473 
Joh 1991 JXO-B8-HH 300 13.0 404 1.00 200 300 398 
Joh 1991 JXO-B8-HL 300 13.0 404 1.00 200 300 398 
Joh 1991 JXO-B8-LH 300 13.0 404 1.00 200 300 398 
Joh 1991 JXO-B8-MH 300 13.0 404 1.00 200 300 398 
Lin 2000 Unit 2 390 12.0 525 1.00 300 390 905 
Lin 2000 Unit 3 390 12.0 525 1.00 300 390 679 
Lin 2000 Unit 4 390 12.0 525 0.50 300 390 905 
Ruitong 1987 Unit 2 406 28.0 309 0.51 229 305 1232 
Ruitong 1987 Unit 4 406 28.0 307 0.51 229 305 1232 
Xin 1982 Unit 2 450 16.0 445 0.50 250 300 804 
Xin 1982 Unit 3 450 16.0 445 1.00 250 300 804 
Xin 1982 Unit 4 450 20.0 474 0.64 250 300 628 
Xin 1982 Unit 6 450 28.0 473 0.51 250 300 1232 
Birss 1978 B1 457 20.0 288 1.00 356 457 2513 
Birss 1978 B2 457 20.0 288 1.00 356 457 2513 
Durani 1982 X2 362 22.2 337 0.73 279 362 1552 
Lin 2000 Unit 1 390 12.0 525 1.00 300 390 905 
Meinheit 1977 VI 457 32.3 432 0.62 279 330 2452 
Milburn 1982 U1 406 16.0 315 1.00 229 305 1608 
Nogushi 1992 OKJ-1 300 13.0 718 0.78 200 300 1195 
Nogushi 1992 OKJ-3 300 13.0 718 1.00 200 300 1327 
Nogushi 1992 OKJ-4 300 13.0 718 0.78 200 300 1195 
Stevenson 1980 Unit 1 406 16.0 338 1.00 229 305 1608 
Durrani 1982 X1 362 22.2 337 0.73 279 362 1552 
Durrani 1982 X3 362 22.2 337 0.73 279 362 1164 
Lin 2000 Unit 8 390 12.0 525 1.00 300 390 905 
Meinheit 1977 II 457 32.3 432 0.62 279 330 2452 
Meinheit 1977 V 457 32.3 432 0.62 279 330 2452 
Meinheit 1977 XII 457 32.3 432 0.62 279 330 2452 
Shiohara 2009 B01 240 13.0 378 1.00 240 240 531 
Xin 1982 Unit 1 450 12.0 453 1.00 250 300 792 
Xin 1982 Unit 5 450 20.0 492 1.00 250 300 942 
Fujii 1991 A1 220 10.0 1069 1.00 160 220 628 
Fujii 1991 A2 220 10.0 409 1.00 160 220 628 
Fujii 1991 A3 220 10.0 1069 1.00 160 220 628 
Fujii 1991 A4 220 10.0 1069 1.00 160 220 628 
Meinheit 1977 I 457 32.3 432 0.62 279 330 2452 
Meinheit 1977 III 457 32.3 432 0.62 279 330 2452 
Meinheit 1977 IV 330 32.3 432 0.62 406 457 2452 
Meinheit 1977 VII 330 32.3 432 0.62 406 457 2452 
Meinheit 1977 XIV 330 32.3 432 0.62 406 457 2452 
Morita 1999 No.1 350 25.0 511 1.00 250 350 1963 
Morita 1999 No.6 350 16.0 508 1.00 250 350 1407 
Morita 1999 M1 350 25.0 520 1.00 300 300 1963 
Morita 1999 M4 350 25.0 520 1.00 300 300 1963 
Nogushi 1992 OKJ-5 300 13.0 718 1.00 200 300 1327 
Nogushi 1992 OKJ-6 300 13.0 718 0.88 200 300 1062 
Shiohara 2009 B02 240 13.0 378 1.00 240 240 664 
Shiohara 2009 B03 240 16.0 425 1.00 240 240 1005 
Zaid 2001 S3 300 16.0 470 1.00 200 300 1005 
B-7 
 
Researcher Unit d (mm) c (mm) Mcol(o) (kNm) Mcol(yc) (kNm) 
Brooke 2005 1B 500 198 440 621 
Brooke 2005 2B 500 189 443 635 
Priestley 1975 IBCJ 889 231 707 1236 
Restrepo 1992 U6 700 138 316 415 
Beckingsale 1980 B11 610 137 277 355 
Beckingsale 1980 B12 610 138 276 353 
Brooke 2005 3B 500 143 444 411 
Brooke 2005 4B 500 144 443 409 
Joh 1991 JXO-B8-HH 350 113 54 102 
Joh 1991 JXO-B8-HL 350 111 54 103 
Joh 1991 JXO-B8-LH 350 111 54 103 
Joh 1991 JXO-B8-MH 350 110 54 103 
Lin 2000 Unit 2 550 207 254 330 
Lin 2000 Unit 3 550 117 196 201 
Lin 2000 Unit 4 550 117 197 201 
Ruitong 1987 Unit 2 457 104 112 165 
Ruitong 1987 Unit 4 457 98 112 159 
Xin 1982 Unit 2 500 110 135 193 
Xin 1982 Unit 3 500 131 177 321 
Xin 1982 Unit 4 500 119 125 268 
Xin 1982 Unit 6 500 123 219 325 
Birss 1978 B1 610 149 375 392 
Birss 1978 B2 610 246 378 661 
Durani 1982 X2 419 120 163 215 
Lin 2000 Unit 1 550 207 254 330 
Meinheit 1977 VI 457 251 362 559 
Milburn 1982 U1 457 136 198 235 
Nogushi 1992 OKJ-1 300 103 198 249 
Nogushi 1992 OKJ-3 300 104 244 302 
Nogushi 1992 OKJ-4 300 103 198 249 
Stevenson 1980 Unit 1 457 174 207 237 
Durrani 1982 X1 419 119 163 216 
Durrani 1982 X3 419 114 124 182 
Lin 2000 Unit 8 550 124 254 227 
Meinheit 1977 II 457 204 366 528 
Meinheit 1977 V 457 160 362 372 
Meinheit 1977 XII 457 214 361 509 
Shiohara 2009 B01 240 61 44 39 
Xin 1982 Unit 1 500 135 173 286 
Xin 1982 Unit 5 500 123 231 325 
Fujii 1991 A1 250 80 128 92 
Fujii 1991 A2 250 80 59 61 
Fujii 1991 A3 250 95 128 107 
Fujii 1991 A4 250 95 128 107 
Meinheit 1977 I 457 229 353 338 
Meinheit 1977 III 457 229 354 535 
Meinheit 1977 IV 457 191 373 450 
Meinheit 1977 VII 457 219 374 478 
Meinheit 1977 XIV 457 195 370 440 
Morita 1999 No.1 350 166 330 397 
Morita 1999 No.6 350 167 222 396 
Morita 1999 M1 400 144 333 306 
Morita 1999 M4 400 140 337 311 
Nogushi 1992 OKJ-5 300 107 236 259 
Nogushi 1992 OKJ-6 300 105 182 226 
Shiohara 2009 B02 240 66 55 48 
Shiohara 2009 B03 240 76 92 81 
Zaid 2001 S3 300 105 117 149 
B-8 
 
 
  
C-1 
 
Appendix C Database 
 
Brooke-1B-2005
Unit lc 3248 mm f'c 31.2 MPa
l'c 1374 mm dbS 12 mm
lb 4872 mm hc 800 mm dbT 0 mm
l'b 2036 mm wc 360 mm #legsS 4
hb 500 mm bj 360 mm #legsT 0
wb 200 mm SetsS 7
db5A 20 mm SetsT 0
db1 25 mm db5B 20 mm sS 65 mm
db2 0 mm #5A 2 sT 0 mm
#1 3 #5B 2 AshS 3167 mm
2
#2 0 As5A 628 mm
2
AshT 0 mm
2
As1 1473 mm
2
As5B 628 mm
2
Ashp 3167 mm
2
As2 0 mm
2
As5 1257 mm
2
SetseS 6.18
Astop 1473 mm
2
fy5A 500 MPa SetseT 0
fy1 552 MPa fy5B 500 MPa Ashpe 2796 mm
2
fy2 0 MPa fy5 500 MPa fyS 500 MPa
fytop 552 MPa fyT 0 MPa
fu1 690 MPa db6 20 mm Vshp 1583 kN
fu2 0 MPa db7 20 mm Vshpe 1398 kN
futop 690 MPa db8 20 mm fyh 500 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 25 mm
2
#8 2 0.2f'c MPa
#3 0 #9 0 Vjho 1712 1556 kN
#4 3 As6 628 mm
2
vjho 5.94 5.40 MPa
As3 0 mm
2
As7 628 mm
2
6vjho/f'c 1.14 1.04 >0.85
As4 1473 mm
2
As8 628 mm
2
vjho/f'c 0.19 0.17
Asbot 1473 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 1885 mm
2
Ajh 2572 2338 mm
2
fy4 552 MPa fy6 500 MPa Vjh 1286 1169 kN
fybot 552 MPa fy7 500 MPa Vjh/Vjho 0.75 0.75
fu3 0 MPa fy8 500 MPa Vshp/Vjho 0.92 1.02
fu4 690 MPa fy9 0 MPa Vshpe/Vjho 0.82 0.90
fubot 690 MPa fyint 500 MPa Ashp/Ajh 1.23 1.35
λ2bot 1.25 Fint 942 kN Ashpe/Ajh 1.09 1.20
Fint/Vjv 0.881 Ajh<0.85 2572 2338 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 37.5 mm αv
d2 NA mm d5 37 mm Ajv 1114 1013 mm
2
d3 NA mm d6 218.5 mm Ajvp/Ajv 1.69 1.86
d4 462.5 mm d7 400 mm
d1-2 37.5 mm d8 581.5 mm
d3-4 462.5 mm d9 NA mm
d10 763 mm
d'1 462.5 mm
d'2 NA mm N/Agf'c 0.010
d'3 NA mm N 90 kN
d'4 37.5 mm
d'1-2 462.5 mm
d'3-4 37.5 mm
JointColumnBrooke 2005
1B
Beam
Positive Curvature
Negative Curvature
0.69
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.38
6.24
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1473
Appendix C: Beam Failures
C-2
Brooke-1B-2005
Mcol(yc) 621 kNm Max db 25.00 mm dbC mm
Mcol(fc) 809 kNm hc/db 32.00 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 813 813 1016 NA kN #LegsD
T- 813 813 1016 NA kN AVpC mm
2
Mb+ 337 348 435 392 kNm AVpD mm
2
Mb- 337 348 435 392 kNm sVC mm
Vb+ 165 171 214 193 kN sVD mm
Vb- 165 171 214 193 kN fytC MPa
Mcol 341 352 440 397 kNm fytD MPa
Mcol/Mcol(yc) 0.55 0.57 0.71 0.64 VspC/sVC kN/m
Vcol 248 256 320 289 kN Δmax 135 mm VspD/sVD kN/m
Vjh 1378 1370 1712 1556 kN Δy 32.2 mm Vsp/sV kN/m
Vshp/Vjh 1.15 1.16 0.92 1.02 Δy/lc 0.99 % Theoretical (o) Measured (M)
Vshpe/Vjh 1.01 1.02 0.82 0.90 Max Crack NA mm Vb 214 193 kN
Vs
+
reqd 462 416 kN/m
Vs
-
reqd 462 416 kN/m
Vsreqd 462 416 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.02 1.13
3/4 Theoretical NA 29.0 0.0 7.04E-06 0.00E+00 0.8 0.8
Projected Yield NA 38.7 0.0 9.38E-06 0.00E+00 1.0 1.0
Max Shear 13 129.7 91.0 9.38E-06 1.43E-04 3.4 16.2 Comment Load Run
Failure/End 17 123.7 85.0 9.38E-06 1.34E-04 3.2 15.2 Yes 17
21.9
3/4 Theoretical NA -19.4 0 -7.08E-06 0.00E+00 0.8 0.8 5
Projected Yield NA -25.7 0.0 -9.38E-06 0.00E+00 1.0 1.0 NA
Max Shear 14 -134.5 -108.8 -9.38E-06 -1.71E-04 5.2 19.2 NA
Failure/End 16 -134.5 -108.8 -9.38E-06 -1.71E-04 5.2 19.2 Hinging 1
None
Projected Yield NA 32.2 0.0 9.38E-06 0.00E+00 1.0 1.0 None
Failure/End 16-17 129.1 96.9 9.38E-06 1.52E-04 4.0 17.2
Adjusted Failure 16-17 156.9 124.7 9.38E-06 1.96E-04 4.9 21.9
Load Run θ Load Run θ
Joint Stirrups Yield-1.80E-04
Joint Failure Mode
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
471
0
471
# Times Reached Maximum Ductility
Column Bar Yield
Adjusted Maximum Curvature
1.62E-04
2.05E-04
Averages
φ (mm
-1
)
-9.38E-06
-1.80E-04
9.38E-06
1.43E-04
Negative Deflection
-7.08E-06
Column Shear-Sway Data
Positive Deflection
1.52E-04
7.04E-06
9.38E-06
NA
300
157.1
NA
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
10
NA
100
Column and joint reinforcement yield stress was not measured 
and assumed to be 500MPa.  Beam stirrups assumed to be 
300MPa.
During loading load cells were misidentified, and thus, loading 
in the first cycle went past yield instead of 3/4 yield.
Final failure due to extensive beam degradation in the plastic 
hinges with buckling of the beam bars.
Shear cracks evident in the beams.
Appendix C: Beam Failures
C-3
Brooke-1B-2005
Brooke 2005 1B
CommentsLoad Run
Test end
Elastic loading
Failure due to beam degradation
1-8
17
18
0.9Vcol(M) Vcol(fb)
Vcol(yb)
Vcol(fb)0.9Vcol(M)
Vcol(yb)
Appendix C: Beam Failures
C-4
Brooke-2B-2005
Unit lc 3248 mm f'c 40.6 MPa
l'c 1374 mm dbS 12 mm
lb 4872 mm hc 800 mm dbT 0 mm
l'b 2036 mm wc 360 mm #legsS 4
hb 500 mm bj 360 mm #legsT 0
wb 200 mm SetsS 6
db5A 20 mm SetsT 0
db1 25 mm db5B 20 mm sS 78 mm
db2 0 mm #5A 2 sT 0 mm
#1 3 #5B 2 AshS 2714 mm
2
#2 0 As5A 628 mm
2
AshT 0 mm
2
As1 1473 mm
2
As5B 628 mm
2
Ashp 2714 mm
2
As2 0 mm
2
As5 1257 mm
2
SetseS 5.21
Astop 1473 mm
2
fy5A 500 MPa SetseT 0
fy1 552 MPa fy5B 500 MPa Ashpe 2357 mm
2
fy2 0 MPa fy5 500 MPa fyS 500 MPa
fytop 552 MPa fyT 0 MPa
fu1 690 MPa db6 20 mm Vshp 1357 kN
fu2 0 MPa db7 20 mm Vshpe 1178 kN
futop 690 MPa db8 20 mm fyh 500 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 25 mm
2
#8 2 0.2f'c MPa
#3 0 #9 0 Vjho 1710 1568 kN
#4 3 As6 628 mm
2
vjho 5.94 5.44 MPa
As3 0 mm
2
As7 628 mm
2
6vjho/f'c 0.88 0.80 >0.85
As4 1473 mm
2
As8 628 mm
2
vjho/f'c 0.15 0.13
Asbot 1473 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 1885 mm
2
Ajh 1974 1913 mm
2
fy4 552 MPa fy6 500 MPa Vjh 987 956 kN
fybot 552 MPa fy7 500 MPa Vjh/Vjho 0.58 0.61
fu3 0 MPa fy8 500 MPa Vshp/Vjho 0.79 0.87
fu4 690 MPa fy9 0 MPa Vshpe/Vjho 0.69 0.75
fubot 690 MPa fyint 500 MPa Ashp/Ajh 1.37 1.42
λ2bot 1.25 Fint 942 kN Ashpe/Ajh 1.19 1.23
Fint/Vjv 0.882 Ajh<0.85 1974 1810 mm
2
Ajh<0.85/Ajh 1.00 0.95
d1 37.5 mm αv
d2 NA mm d5 37 mm Ajv 855 828 mm
2
d3 NA mm d6 218.5 mm Ajvp/Ajv 2.20 2.28
d4 462.5 mm d7 400 mm
d1-2 37.5 mm d8 581.5 mm
d3-4 462.5 mm d9 NA mm
d10 763 mm
d'1 462.5 mm
d'2 NA mm N/Agf'c 0.010
d'3 NA mm N 117 kN
d'4 37.5 mm
d'1-2 462.5 mm
d'3-4 37.5 mm
Axial Stress
Column Bar Locations
From Edge of Column Face
1473
Positive Curvature
Negative Curvature
0.69
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.38
8.12
Top Bars
JointColumnBrooke 2005
2B
Beam
Appendix C: Beam Failures
C-5
Brooke-2B-2005
Mcol(yc) 635 kNm Max db 25.00 mm dbC mm
Mcol(fc) 833 kNm hc/db 32.00 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 813 813 1016 NA kN #LegsD
T- 813 813 1016 NA kN AVpC mm
2
Mb+ 339 350 437 395 kNm AVpD mm
2
Mb- 339 350 437 395 kNm sVC mm
Vb+ 166 172 215 194 kN sVD mm
Vb- 166 172 215 194 kN fytC MPa
Mcol 343 354 443 400 kNm fytD MPa
Mcol/Mcol(yc) 0.54 0.56 0.70 0.63 VspC/sVC kN/m
Vcol 249 258 322 291 kN Δmax 135 mm VspD/sVD kN/m
Vjh 1376 1368 1710 1568 kN Δy 26.3 mm Vsp/sV kN/m
Vshp/Vjh 0.99 0.99 0.79 0.87 Δy/lc 0.81 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.86 0.86 0.69 0.75 Max Crack NA mm Vb 215 194 kN
Vs
+
reqd 464 419 kN/m
Vs
-
reqd 464 419 kN/m
Vsreqd 464 419 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.01 1.12
3/4 Theoretical NA 26.1 0.0 6.88E-06 0.00E+00 0.7 0.7
Projected Yield NA 35.6 0.0 9.38E-06 0.00E+00 1.0 1.0
Max Shear 11 134.0 98.4 9.38E-06 1.54E-04 3.8 17.5 Comment Load Run
Failure/End 13 134.0 98.4 9.38E-06 1.54E-04 3.8 17.5 Yes 13
21.5
3/4 Theoretical NA -12.3 0 -6.83E-06 0.00E+00 0.7 0.7 3
Projected Yield NA -16.9 0.0 -9.38E-06 0.00E+00 1.0 1.0 NA
Max Shear 12 -135.4 -118.5 -9.38E-06 -1.86E-04 8.0 20.8 NA
Failure/End 12 -135.4 -118.5 -9.38E-06 -1.86E-04 8.0 20.8 Hinging 3
None
Projected Yield NA 26.3 0.0 9.38E-06 0.00E+00 1.0 1.0 None
Failure/End 12-13 134.7 108.5 9.38E-06 1.70E-04 5.1 19.1
Adjusted Failure 12-13 148.5 122.3 9.38E-06 1.92E-04 5.7 21.5
Load Run θ Load Run θ
Joint Stirrups Yield
1.64E-04
-1.95E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-6.83E-06
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
471
0
471
1.80E-04
2.01E-04
Averages
φ (mm
-1
)
-9.38E-06
-1.95E-04
9.38E-06
Column Shear-Sway Data
Positive Deflection
1.64E-04
6.88E-06
9.38E-06
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
10
NA
300
NA
100
157.1
NA
Column and joint reinforcement yield stress was not 
measured and assumed to be 500MPa.  Beam stirrups 
assumed to be 300MPa.
Final failure due to extensive beam degradation in the 
plastic hinges with buckling of the beam bars.
Shear cracks evident in the beams.
Appendix C: Beam Failures
C-6
Brooke-2B-2005
13
Brooke 2005 2B
CommentsLoad Run
13 Failure caused by beam degradation
Yielding of beams
Buckling of  beam bars
3
Vcol(fb)
Vcol(yb)
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
0.9Vcol(M)
Appendix C: Beam Failures
C-7
Priestley-IBCJ-1975
Unit lc 3435 mm f'c 48.5 MPa
l'c 1273 mm dbS 19.1 mm
lb 8840 mm hc 686 mm dbT 19.1 mm
l'b 4077 mm wc 686 mm #legsS 2
hb 889 mm bj 686 mm #legsT 2
wb 457 mm SetsS 10
db5A 31.8 mm SetsT 10
db1 28.65 mm db5B 31.8 mm sS 72 mm
db2 25.4 mm #5A 2 sT 72 mm
#1 5 #5B 4 AshS 5730 mm
2
#2 2 As5A 1588 mm
2
AshT 5730 mm
2
As1 3223 mm
2
As5B 3177 mm
2
Ashp 11461 mm
2
As2 1013 mm
2
As5 4765 mm
2
SetseS 8.64
Astop 4237 mm
2
fy5A 289 MPa SetseT 8.64
fy1 276 MPa fy5B 289 MPa Ashpe 9902 mm
2
fy2 299 MPa fy5 289 MPa fyS 297 MPa
fytop 282 MPa fyT 297 MPa
fu1 304 MPa db6 31.8 mm Vshp 3404 kN
fu2 329 MPa db7 31.8 mm Vshpe 2941 kN
futop 310 MPa db8 31.8 mm fyh 297 MPa
λ2top 1.10 db9 31.8 mm
#6 2 Theoretical (ub) Measured (M)
db3 15.875 mm
2
#7 2 αi
db4 28.65 mm
2
#8 2 0.2f'c MPa
#3 2 #9 2 Vjho 1668 2244 kN
#4 4 As6 1588 mm
2
vjho 3.54 4.77 MPa
As3 396 mm
2
As7 1588 mm
2
6vjho/f'c 0.44 0.59 <0.85
As4 2579 mm
2
As8 1588 mm
2
vjho/f'c 0.07 0.10
Asbot 2975 mm
2
As9 1588 mm
2
As mm
2
fy3 295 MPa Asint 6354 mm
2
Ajh 4506 4506 mm
2
fy4 276 MPa fy6 289 MPa Vjh 1338 1338 kN
fybot 279 MPa fy7 289 MPa Vjh/Vjho 0.80 0.60
fu3 325 MPa fy8 289 MPa Vshp/Vjho 2.04 1.52
fu4 304 MPa fy9 289 MPa Vshpe/Vjho 1.76 1.31
fubot 306 MPa fyint 289 MPa Ashp/Ajh 2.54 2.54
λ2bot 1.10 Fint 1836 kN Ashpe/Ajh 2.20 2.20
Fint/Vjv 0.850 Ajh<0.85 2324 3126 mm
2
Ajh<0.85/Ajh 0.52 0.69
d1 64 mm αv
d2 123 mm d5 75 mm Ajv 4000 4000 mm
2
d3 482 mm d6 202 mm Ajvp/Ajv 1.59 1.59
d4 784 mm d7 296 mm
d1-2 79.0 mm d8 391 mm
d3-4 741.4 mm d9 485 mm
d10 612 mm
d'1 825 mm
d'2 766 mm N/Agf'c 0.050
d'3 407 mm N 1141 kN
d'4 105 mm
d'1-2 810.0 mm
d'3-4 147.6 mm
Axial Stress
Column Bar Locations
From Edge of Column Face
4237
9.7
Top Bars
Beam
Positive Curvature
Negative Curvature
0.67
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.32
JointColumnPriestley 1975
IBCJ
Appendix C: Beam Failures
C-8
Priestley-IBCJ-1975
Mcol(yc) 1236 kNm Max db 28.65 mm dbC mm
Mcol(fc) 1616 kNm hc/db 23.94 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 767 828 911 NA kN #LegsD
T- 1142 1193 1312 NA kN AVpC mm
2
Mb+ 538 620 682 850 kNm AVpD mm
2
Mb- 841 980 1078 1029 kNm sVC mm
Vb+ 132 152 167 209 kN sVD mm
Vb- 206 240 265 252 kN fytC MPa
Mcol 554 643 707 755 kNm fytD MPa
Mcol/Mcol(yc) 0.45 0.52 0.57 0.61 VspC/sVC kN/m
Vcol 435 505 556 593 kN Δmax 129 mm VspD/sVD kN/m
Vjh 1474 1516 1668 2244 kN Δy 19.2 mm Vsp/sV kN/m
Vshp/Vjh 2.31 2.25 2.04 1.52 Δy/lc 0.56 % Theoretical (o) Measured (M)
Vshpe/Vjh 1.99 1.94 1.76 1.31 Max Crack NA mm Vb 265 252 kN
Vs
+
reqd 357 340 kN/m
Vs
-
reqd 327 311 kN/m
Vsreqd 357 340 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.68 1.77
3/4 Theoretical NA 14.7 0.0 2.00E-06 0.00E+00 0.8 0.8
Projected Yield NA 19.6 0.0 2.66E-06 0.00E+00 1.0 1.0
Max Shear 17 129.0 109.4 2.66E-06 8.22E-05 6.6 31.9 Comment Load Run
Failure/End 23 173.0 153.4 2.66E-06 1.15E-04 8.8 44.3 Yes 24
51.0
3/4 Theoretical NA -14.0 0 -2.02E-06 0.00E+00 0.7 0.7 4
Projected Yield NA -18.7 0.0 -2.69E-06 0.00E+00 1.0 1.0 None
Max Shear 18 -124.5 -105.8 -2.69E-06 -7.95E-05 6.7 30.5 None
Failure/End 24 -169.7 -151.0 -2.69E-06 -1.13E-04 9.1 43.1 Hinging 5
None
Projected Yield NA 19.2 0.0 2.68E-06 0.00E+00 1.0 1.0 None
Failure/End 23-24 171.4 152.2 2.69E-06 1.14E-04 8.9 43.5
Adjusted Failure 23-24 198.4 179.2 2.69E-06 1.35E-04 10.4 51.0
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
4
NA
9.5
NA
152
NA
322
283.5
NA
Column Shear-Sway Data
Positive Deflection
8.48E-05
2.00E-06
2.66E-06
1.17E-04
1.37E-04
Averages
φ (mm
-1
)
-2.69E-06
-1.16E-04
2.68E-06
Failure Details
Bond Failure Location
Test Reached Failure
601
0
601
Joint Stirrups Yield
1.18E-04
-8.21E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-2.02E-06
Beam Failure Mode
Comments Loading Scenario
Failure as a result of the beams degrading to the point of 
buckling in the beam bars.
Minimal shear distortion in the joint with the majority of 
the beam deflections occurring in the ductile detailing 
length.
Joint performed excellently, however it was very 
congested.
Appendix C: Beam Failures
C-9
Priestley-IBCJ-1975
Priestley 1975 IBCJ
CommentsLoad Run
26 Test end
Degradation of beam concrete with bar buckling
Elastic range
Yield + crack initiation
1-4
5
24
10 Spalling of beam concrete begins
Vcol(fb)
Vcol(yb)
Vcol(fb)
Vcol(yb)
Vcol(yb)
Vcol(fb)
Vcol(yb)
Vcol(fb)
Appendix C: Beam Failures
C-10
Restrepo-Unit 6-1992
Unit lc 2800 mm f'c 44 MPa
l'c 1050 mm dbS 16 mm
lb 3810 mm hc 600 mm dbT 16 mm
l'b 1605 mm wc 450 mm #legsS 2
hb 700 mm bj 450 mm #legsT 2
wb 300 mm SetsS 5
db5A 24 mm SetsT 3
db1 24 mm db5B 24 mm sS 100 mm
db2 0 mm #5A 2 sT 200 mm
#1 4 #5B 1 AshS 2011 mm
2
#2 0 As5A 905 mm
2
AshT 1206 mm
2
As1 1810 mm
2
As5B 452 mm
2
Ashp 3217 mm
2
As2 0 mm
2
As5 1357 mm
2
SetseS 4.87
Astop 1810 mm
2
fy5A 486 MPa SetseT 3
fy1 285 MPa fy5B 486 MPa Ashpe 3165 mm
2
fy2 0 MPa fy5 486 MPa fyS 298 MPa
fytop 285 MPa fyT 298 MPa
fu1 314 MPa db6 24 mm Vshp 959 kN
fu2 0 MPa db7 24 mm Vshpe 943 kN
futop 314 MPa db8 0 mm fyh 298 MPa
λ2top 1.10 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 24 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 834 1012 kN
#4 4 As6 905 mm
2
vjho 3.09 3.75 MPa
As3 0 mm
2
As7 905 mm
2
6vjho/f'c 0.42 0.51 <0.85
As4 1810 mm
2
As8 0 mm
2
vjho/f'c 0.07 0.09
Asbot 1810 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 1810 mm
2
Ajh 2059 2059 mm
2
fy4 285 MPa fy6 486 MPa Vjh 614 614 kN
fybot 285 MPa fy7 486 MPa Vjh/Vjho 0.74 0.61
fu3 0 MPa fy8 0 MPa Vshp/Vjho 1.15 0.95
fu4 314 MPa fy9 0 MPa Vshpe/Vjho 1.13 0.93
fubot 314 MPa fyint 486 MPa Ashp/Ajh 1.56 1.56
λ2bot 1.10 Fint 879 kN Ashpe/Ajh 1.54 1.54
Fint/Vjv 0.904 Ajh<0.85 1021 1238 mm
2
Ajh<0.85/Ajh 0.50 0.60
d1 55 mm αv
d2 NA mm d5 75 mm Ajv 1031 1031 mm
2
d3 NA mm d6 235 mm Ajvp/Ajv 1.75 1.75
d4 645 mm d7 365 mm
d1-2 55 mm d8 NA mm
d3-4 645 mm d9 NA mm
d10 525 mm
d'1 645 mm
d'2 NA mm N/Agf'c 0.000
d'3 NA mm N 0 kN
d'4 55 mm
d'1-2 645 mm
d'3-4 55 mm
JointColumn
Beam
Restrepo 1992
Unit 6
Positive Curvature
Negative Curvature
0.70
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.40
8.8
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1810
Appendix C: Beam Failures
C-11
Restrepo-Unit 6-1992
Mcol(yc) 415 kNm Max db 24.00 mm dbC mm
Mcol(fc) 547 kNm hc/db 25.00 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 516 516 567 NA kN #LegsD
T- 516 516 567 NA kN AVpC mm
2
Mb+ 305 322 354 398 kNm AVpD mm
2
Mb- 305 322 354 398 kNm sVC mm
Vb+ 190 201 221 248 kN sVD mm
Vb- 190 201 221 248 kN fytC MPa
Mcol 271 287 316 354 kNm fytD MPa
Mcol/Mcol(yc) 0.65 0.69 0.76 0.85 VspC/sVC kN/m
Vcol 258 273 301 337 kN Δmax 100 mm VspD/sVD kN/m
Vjh 773 758 834 1012 kN Δy 13.7 mm Vsp/sV kN/m
Vshp/Vjh 1.24 1.26 1.15 0.95 Δy/lc 0.49 % Theoretical (o) Measured (M)
Vshpe/Vjh 1.22 1.24 1.13 0.93 Max Crack 0.6 mm Vb 221 248 kN
Vs
+
reqd 342 384 kN/m
Vs
-
reqd 342 384 kN/m
Vsreqd 342 384 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.63 1.45
3/4 Theoretical NA 9.8 0.0 2.60E-06 0.00E+00 0.8 0.8
Projected Yield NA 13.0 0.0 3.46E-06 0.00E+00 1.0 1.0
Max Shear 13 100.3 87.3 3.46E-06 1.19E-04 7.7 35.3 Comment Load Run
Failure/End 17 100.3 87.3 3.46E-06 1.19E-04 7.7 35.3 Yes 17
43.4
3/4 Theoretical NA -10.7 0 -2.60E-06 0.00E+00 0.8 0.8 5
Projected Yield NA -14.3 0.0 -3.46E-06 0.00E+00 1.0 1.0 None
Max Shear 14 -99.7 -85.4 -3.46E-06 -1.16E-04 7.0 34.5 2/5 14
Failure/End 16 -99.7 -85.4 -3.46E-06 -1.16E-04 7.0 34.5 Hinging 5
None
Projected Yield NA 13.7 0.0 3.46E-06 0.00E+00 1.0 1.0 None
Failure/End 16-17 100.0 86.3 3.46E-06 1.17E-04 7.3 34.9
Adjusted Failure 16-17 121.6 107.9 3.46E-06 1.47E-04 8.9 43.4
Load Run θ Load Run θ
Joint Stirrups Yield-1.20E-04
Joint Failure Mode
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
559
0
559
# Times Reached Maximum Ductility
Column Bar Yield
Adjusted Maximum Curvature
1.21E-04
1.50E-04
Averages
φ (mm
-1
)
-3.46E-06
-1.20E-04
3.46E-06
1.22E-04
Negative Deflection
-2.60E-06
Column Shear-Sway Data
Positive Deflection
1.22E-04
2.60E-06
3.46E-06
100
0
157.1
NA
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
10
2
0
NA
356
0
Grouted column bars.
Extensive plastic hinge deformation in the beams.
Pinching of hysteresis due to shear deformation in the plastic 
regions of the beams.
Water gain effects on bond identified with the top bars slipping 
more than the lower.
Final failure due to deterioration of beam hinge regions and top 
beam bar buckling.
Appendix C: Beam Failures
C-12
Restrepo-Unit 6-1992
Restrepo 1992 U6
CommentsLoad Run
Beam failure
Elastic range + crack initiation
Yield of beam bars
1-4
5
17
12 Shear deformation of beams
Viol(fib)
Viol(by)
0.9Vcol(M)
Viol(fib)Viol(yb)
0.9Vcol(M)
Appendix C: Beam Failures
C-13
Beckingsale-B11-1980
Unit lc 3354 mm f'c 35.9 MPa
l'c 1372 mm dbS 12.7 mm
lb 4877 mm hc 457 mm dbT 12.7 mm
l'b 2210 mm wc 457 mm #legsS 2
hb 610 mm bj 457 mm #legsT 2
wb 356 mm SetsS 8
db5A 22.2 mm SetsT 8
db1 19.05 mm db5B 22.2 mm sS 51,63 mm
db2 19.05 mm #5A 2 sT 51,63 mm
#1 4 #5B 2 AshS 2027 mm
2
#2 4 As5A 774 mm
2
AshT 2027 mm
2
As1 1140 mm
2
As5B 774 mm
2
Ashp 4054 mm
2
As2 1140 mm
2
As5 1548 mm
2
SetseS 7.3
Astop 2280 mm
2
fy5A 423 MPa SetseT 7.3
fy1 298 MPa fy5B 423 MPa Ashpe 3699 mm
2
fy2 298 MPa fy5 423 MPa fyS 336 MPa
fytop 298 MPa fyT 336 MPa
fu1 328 MPa db6 22.2 mm Vshp 1362 kN
fu2 328 MPa db7 22.2 mm Vshpe 1243 kN
futop 328 MPa db8 0 mm fyh 336 MPa
λ2top 1.10 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 19.05 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 919 1032 kN
#4 4 As6 774 mm
2
vjho 4.40 4.94 MPa
As3 0 mm
2
As7 774 mm
2
6vjho/f'c 0.74 0.83 <0.85
As4 1140 mm
2
As8 0 mm
2
vjho/f'c 0.12 0.14
Asbot 1140 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 1548 mm
2
Ajh 2288 2288 mm
2
fy4 298 MPa fy6 423 MPa Vjh 769 769 kN
fybot 298 MPa fy7 423 MPa Vjh/Vjho 0.84 0.74
fu3 0 MPa fy8 0 MPa Vshp/Vjho 1.48 1.32
fu4 328 MPa fy9 0 MPa Vshpe/Vjho 1.35 1.20
fubot 328 MPa fyint 423 MPa Ashp/Ajh 1.77 1.77
λ2bot 1.10 Fint 655 kN Ashpe/Ajh 1.62 1.62
Fint/Vjv 0.534 Ajh<0.85 1980 2224 mm
2
Ajh<0.85/Ajh 0.87 0.97
d1 41 mm αv
d2 79 mm d5 43 mm Ajv 1628 1628 mm
2
d3 NA mm d6 145 mm Ajvp/Ajv 0.95 0.95
d4 569 mm d7 312 mm
d1-2 60 mm d8 NA mm
d3-4 569 mm d9 NA mm
d10 414 mm
d'1 569 mm
d'2 531 mm N/Agf'c 0.043
d'3 NA mm N 322 kN
d'4 41 mm
d'1-2 550 mm
d'3-4 41 mm
Axial Stress
Column Bar Locations
From Edge of Column Face
2280
7.18
Top Bars
Beam
Positive Curvature
Negative Curvature
0.67
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.33
JointColumnBeckingsale 1980
B11
Appendix C: Bond Failures
C-14
Beckingsale-B11-1980
Mcol(yc) 355 kNm Max db 19.05 mm dbC mm
Mcol(fc) 429 kNm hc/db 23.99 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 340 340 374 NA kN #LegsD
T- 649 679 747 NA kN AVpC mm
2
Mb+ 179 202 223 248 kNm AVpD mm
2
Mb- 320 356 392 384 kNm sVC mm
Vb+ 81 92 101 112 kN sVD mm
Vb- 145 161 177 174 kN fytC MPa
Mcol 225 252 277 285 kNm fytD MPa
Mcol/Mcol(yc) 0.63 0.71 0.78 0.80 VspC/sVC kN/m
Vcol 164 184 202 208 kN Δmax 128 mm VspD/sVD kN/m
Vjh 824 836 919 1032 kN Δy 27.4 mm Vsp/sV kN/m
Vshp/Vjh 1.65 1.63 1.48 1.32 Δy/lc 0.82 % Theoretical (o) Measured (M)
Vshpe/Vjh 1.51 1.49 1.35 1.20 Max Crack 0.55 mm Vb 177 174 kN
Vs
+
reqd 311 305 kN/m
Vs
-
reqd 322 316 kN/m
Vsreqd 322 316 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 2.50 2.55
3/4 Theoretical NA 21.1 0.0 3.11E-06 0.00E+00 0.8 0.8
Projected Yield NA 28.1 0.0 4.15E-06 0.00E+00 1.0 1.0
Max Shear 19 127.8 99.7 4.15E-06 1.16E-04 4.5 28.8 Comment Load Run
Failure/End 21 117.3 89.2 4.15E-06 1.03E-04 4.2 25.9 Yes 21
47.2
3/4 Theoretical NA -20.0 0 -3.11E-06 0.00E+00 0.8 0.8 5
Projected Yield NA -26.6 0.0 -4.15E-06 0.00E+00 1.0 1.0 NA
Max Shear 18 -122.2 -95.6 -4.15E-06 -1.11E-04 4.6 27.7 3/8 20
Failure/End 20 -199.9 -173.3 -4.15E-06 -2.01E-04 7.5 49.4 Bond Slip 17
Lower
Projected Yield NA 27.4 0.0 4.15E-06 0.00E+00 1.0 1.0 None
Failure/End 20-21 158.6 131.3 4.15E-06 1.52E-04 5.8 37.6
Adjusted Failure 20-21 192.8 165.4 4.15E-06 1.92E-04 7.0 47.2
Load Run θ Load Run θ
Joint Stirrups Yield-1.15E-04
Joint Failure Mode
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
804
0
804
# Times Reached Maximum Ductility
Column Bar Yield
Adjusted Maximum Curvature
1.56E-04
1.96E-04
Averages
φ (mm
-1
)
-4.15E-06
-2.05E-04
4.15E-06
1.07E-04
Negative Deflection
-3.11E-06
Column Shear-Sway Data
Positive Deflection
1.20E-04
3.11E-06
4.15E-06
329
51
124.7
NA
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
6.3
4
NA
NA
NA
Flexural cracks remained open at the top of the beams, as the 
lower reinforcement was unable to yield the top bars in 
compression, due to the reinforcement ratio.
Bottom beam bar slip in load run 17.
After beam bar slippage, the shear transfer to the bottom 
stirrups is reduced, and thus, the strains are lower.  The strains 
in the top stirrup closest to the beam bars did yield, suggesting 
that these stirrups  do contribute to the joint shear strength.  
This is due to the cracks in the  top of the beam remaining open 
but the bottom ones closing.  Thus the strut action from the 
bottom of the beam had to be captured by the top stirrups.
Yielding of stirrups occurs but does not alter the stiffness of the 
joint  significantly.
The columns shear-sway plot has removed P-delta effects and as 
such these need to be added back in to get the shear force felt 
by the joint, hence the slopped lines.
Appendix C: Bond Failures
C-15
Beckingsale-B11-1980
Beckingsale 1980 B11
CommentsLoad Run
Beam bar slippage
Test end
Elastic range
17
22
Yield + crack initiation
Cracks remaining open leading to reduced compression area
1-4
5
7-8
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Appendix C: Bond Failures
C-16
Beckingsale-B12-1980
Unit lc 3354 mm f'c 34.6 MPa
l'c 1372 mm dbS 12.7 mm
lb 4877 mm hc 457 mm dbT 12.7 mm
l'b 2210 mm wc 457 mm #legsS 2
hb 610 mm bj 457 mm #legsT 2
wb 356 mm SetsS 8
db5A 22.2 mm SetsT 8
db1 19.05 mm db5B 22.2 mm sS 51,63 mm
db2 19.05 mm #5A 2 sT 51,63 mm
#1 4 #5B 2 AshS 2027 mm
2
#2 2 As5A 774 mm
2
AshT 2027 mm
2
As1 1140 mm
2
As5B 774 mm
2
Ashp 4054 mm
2
As2 570 mm
2
As5 1548 mm
2
SetseS 7.3
Astop 1710 mm
2
fy5A 423 MPa SetseT 7.3
fy1 298 MPa fy5B 423 MPa Ashpe 3699 mm
2
fy2 298 MPa fy5 423 MPa fyS 336 MPa
fytop 298 MPa fyT 336 MPa
fu1 327 MPa db6 22.2 mm Vshp 1362 kN
fu2 327 MPa db7 22.2 mm Vshpe 1243 kN
futop 327 MPa db8 0 mm fyh 336 MPa
λ2top 1.10 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 19.05 mm
2
#7 2 αi
db4 19.05 mm
2
#8 0 0.2f'c MPa
#3 2 #9 0 Vjho 918 1065 kN
#4 4 As6 774 mm
2
vjho 4.40 5.10 MPa
As3 570 mm
2
As7 774 mm
2
6vjho/f'c 0.76 0.88 <0.85
As4 1140 mm
2
As8 0 mm
2
vjho/f'c 0.13 0.15
Asbot 1710 mm
2
As9 0 mm
2
As mm
2
fy3 298 MPa Asint 1548 mm
2
Ajh 1712 1781 mm
2
fy4 298 MPa fy6 423 MPa Vjh 575 599 kN
fybot 298 MPa fy7 423 MPa Vjh/Vjho 0.63 0.56
fu3 327 MPa fy8 0 MPa Vshp/Vjho 1.48 1.28
fu4 327 MPa fy9 0 MPa Vshpe/Vjho 1.35 1.17
fubot 327 MPa fyint 423 MPa Ashp/Ajh 2.37 2.28
λ2bot 1.10 Fint 655 kN Ashpe/Ajh 2.16 2.08
Fint/Vjv 0.534 Ajh<0.85 1536 1781 mm
2
Ajh<0.85/Ajh 0.90 1.00
d1 41 mm αv
d2 79 mm d5 43 mm Ajv 1218 1267 mm
2
d3 531 mm d6 145 mm Ajvp/Ajv 1.27 1.22
d4 569 mm d7 312 mm
d1-2 53.7 mm d8 NA mm
d3-4 556.3 mm d9 NA mm
d10 414 mm
d'1 569 mm
d'2 531 mm N/Agf'c 0.044
d'3 79 mm N 318 kN
d'4 41 mm
d'1-2 556.3 mm
d'3-4 53.7 mm
Axial Stress
Column Bar Locations
From Edge of Column Face
1710
6.92
Top Bars
Beam
Positive Curvature
Negative Curvature
0.67
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.33
JointColumnBeckingsale 1980
B12
Appendix C: Bond Failures
C-17
Beckingsale-B12-1980
Mcol(yc) 353 kNm Max db 19.05 mm dbC mm
Mcol(fc) 426 kNm hc/db 23.99 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 494 509 560 NA kN #LegsD
T- 494 509 560 NA kN AVpC mm
2
Mb+ 251 278 306 306 kNm AVpD mm
2
Mb- 251 278 306 336 kNm sVC mm
Vb+ 114 126 139 138 kN sVD mm
Vb- 114 126 139 152 kN fytC MPa
Mcol 227 251 276 290 kNm fytD MPa
Mcol/Mcol(yc) 0.64 0.71 0.78 0.82 VspC/sVC kN/m
Vcol 165 183 201 211 kN Δmax 130 mm VspD/sVD kN/m
Vjh 822 835 918 1065 kN Δy 29.2 mm Vsp/sV kN/m
Vshp/Vjh 1.66 1.63 1.48 1.28 Δy/lc 0.87 % Theoretical (o) Measured (M)
Vshpe/Vjh 1.51 1.49 1.35 1.17 Max Crack 0.55 mm Vb 139 152 kN
Vs
+
reqd 249 273 kN/m
Vs
-
reqd 249 273 kN/m
Vsreqd 249 273 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 3.23 2.95
3/4 Theoretical NA 23.7 0.0 3.11E-06 0.00E+00 0.8 0.8
Projected Yield NA 31.6 0.0 4.15E-06 0.00E+00 1.0 1.0
Max Shear 17 129.5 97.9 4.15E-06 1.13E-04 4.1 28.4 Comment Load Run
Failure/End 23 129.5 97.9 4.15E-06 1.13E-04 4.1 28.4 Yes 22
39.3
3/4 Theoretical NA -20.1 0 -3.11E-06 0.00E+00 0.8 0.8 6
Projected Yield NA -26.8 0.0 -4.15E-06 0.00E+00 1.0 1.0 NA
Max Shear 18 -124.3 -97.5 -4.15E-06 -1.13E-04 4.6 28.2 1/8 20
Failure/End 24 -131.1 -104.3 -4.15E-06 -1.21E-04 4.9 30.1 Bond Slip 17
Upper and Lower 17
Projected Yield NA 29.2 0.0 4.15E-06 0.00E+00 1.0 1.0 None
Failure/End 23-24 130.3 101.1 4.15E-06 1.17E-04 4.5 29.2
Adjusted Failure 23-24 166.3 137.1 4.15E-06 1.59E-04 5.7 39.3
Load Run θ Load Run θ
Joint Stirrups Yield-1.17E-04
Joint Failure Mode
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
402
402
805
# Times Reached Maximum Ductility
Column Bar Yield
Adjusted Maximum Curvature
1.21E-04
1.63E-04
Averages
φ (mm
-1
)
-4.15E-06
-1.25E-04
4.15E-06
1.18E-04
Negative Deflection
-3.11E-06
Column Shear-Sway Data
Positive Deflection
1.18E-04
3.11E-06
4.15E-06
51
329
62.3
62.3
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
6.3
6.3
2
2
329
51
Bottom beam bar slip in load run 17.
All  beam bars slipped by run 19.
Yielding of beam stirrups occurred, resulting in noticeable 
shear deformations in the beams.  A maximum of 8mm or 9% 
was noted for the beams deformations.
Joint zone deformation accounted for a maximum of 26% of 
the beam end deformations.  At the maximum sustained load 
in cycle 17 this was reduced to 14% although the deformations 
were higher.
After beam bar slippage the shear transfer to the stirrups is 
reduced, and thus, the strains are lower.  Only one stirrup 
reached yield, which was positioned one stirrup below mid 
height in the joint.  The stirrups closest tot he beam bars only 
reached approximately 50% of yield strain, suggesting they are 
not fully utilised.
Short tie legs were found to supply roughly 9% of the shear 
resistance at the end of testing.
Appendix C: Bond Failures
C-18
Beckingsale-B12-1980
Beckingsale 1982 B12
CommentsLoad Run
Beam bar slippage
Test end
Elastic range
17
22
Yield + crack initiation
Cracks remaining open leading to reduced compression area
1-4
5
7-8
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Appendix C: Bond Failures
C-19
Brooke-3B-2005
Unit lc 3248 mm f'c 44.8 MPa
l'c 1374 mm dbS 12 mm
lb 4872 mm hc 675 mm dbT 0 mm
l'b 2036 mm wc 360 mm #legsS 4
hb 500 mm bj 360 mm #legsT 0
wb 200 mm SetsS 6
db5A 16 mm SetsT 0
db1 25 mm db5B 16 mm sS 78 mm
db2 0 mm #5A 2 sT 0 mm
#1 3 #5B 2 AshS 2714 mm
2
#2 0 As5A 402 mm
2
AshT 0 mm
2
As1 1473 mm
2
As5B 402 mm
2
Ashp 2714 mm
2
As2 0 mm
2
As5 804 mm
2
SetseS 5.21
Astop 1473 mm
2
fy5A 584 MPa SetseT 0
fy1 552 MPa fy5B 584 MPa Ashpe 2357 mm
2
fy2 0 MPa fy5 584 MPa fyS 500 MPa
fytop 552 MPa fyT 0 MPa
fu1 690 MPa db6 16 mm Vshp 1357 kN
fu2 0 MPa db7 16 mm Vshpe 1178 kN
futop 690 MPa db8 16 mm fyh 500 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 25 mm
2
#8 2 0.2f'c MPa
#3 0 #9 0 Vjho 1709 1465 kN
#4 3 As6 402 mm
2
vjho 7.03 6.03 MPa
As3 0 mm
2
As7 402 mm
2
6vjho/f'c 0.94 0.81 >0.85
As4 1473 mm
2
As8 402 mm
2
vjho/f'c 0.16 0.13
Asbot 1473 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 1206 mm
2
Ajh 2120 1913 mm
2
fy4 552 MPa fy6 584 MPa Vjh 1060 956 kN
fybot 552 MPa fy7 584 MPa Vjh/Vjho 0.62 0.65
fu3 0 MPa fy8 584 MPa Vshp/Vjho 0.79 0.93
fu4 690 MPa fy9 0 MPa Vshpe/Vjho 0.69 0.80
fubot 690 MPa fyint 584 MPa Ashp/Ajh 1.28 1.42
λ2bot 1.25 Fint 705 kN Ashpe/Ajh 1.11 1.23
Fint/Vjv 0.556 Ajh<0.85 2120 1817 mm
2
Ajh<0.85/Ajh 1.00 0.95
d1 37.5 mm αv
d2 NA mm d5 37 mm Ajv 932 841 mm
2
d3 NA mm d6 187.25 mm Ajvp/Ajv 1.29 1.44
d4 462.5 mm d7 337.5 mm
d1-2 37.5 mm d8 487.75 mm
d3-4 462.5 mm d9 NA mm
d10 638 mm
d'1 462.5 mm
d'2 NA mm N/Agf'c 0.010
d'3 NA mm N 109 kN
d'4 37.5 mm
d'1-2 462.5 mm
d'3-4 37.5 mm
JointColumnBrooke 2005
3B
Beam
Positive Curvature
Negative Curvature
0.69
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.38
8.96
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1473
Appendix C: Bond Failures
C-20
Brooke-3B-2005
Mcol(yc) 411 kNm Max db 25.00 mm dbC mm
Mcol(fc) 530 kNm hc/db 27.00 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 813 813 1016 NA kN #LegsD
T- 813 813 1016 NA kN AVpC mm
2
Mb+ 339 351 438 369 kNm AVpD mm
2
Mb- 339 351 438 369 kNm sVC mm
Vb+ 167 172 215 181 kN sVD mm
Vb- 167 172 215 181 kN fytC MPa
Mcol 343 355 444 374 kNm fytD MPa
Mcol/Mcol(yc) 0.84 0.86 1.08 0.91 VspC/sVC kN/m
Vcol 250 258 323 272 kN Δmax 131 mm VspD/sVD kN/m
Vjh 1376 1368 1709 1465 kN Δy 39.3 mm Vsp/sV kN/m
Vshp/Vjh 0.99 0.99 0.79 0.93 Δy/lc 1.21 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.86 0.86 0.69 0.80 Max Crack NA mm Vb 215 181 kN
Vs
+
reqd 465 392 kN/m
Vs
-
reqd 465 392 kN/m
Vsreqd 465 392 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.01 1.20
3/4 Theoretical NA 35.4 0.0 7.04E-06 0.00E+00 0.8 0.8
Projected Yield NA 47.2 0.0 9.38E-06 0.00E+00 1.0 1.0
Max Shear 19 129.9 82.7 9.38E-06 1.30E-04 2.8 14.8 Comment Load Run
Failure/End 21 129.9 82.7 9.38E-06 1.30E-04 2.8 14.8 Yes 22
20.3
3/4 Theoretical NA -23.6 0 -7.04E-06 0.00E+00 0.8 0.8 4
Projected Yield NA -31.4 0.0 -9.38E-06 0.00E+00 1.0 1.0 NA
Max Shear 18 -130.8 -99.4 -9.38E-06 -1.56E-04 4.2 17.6 NA
Failure/End 22 -137.0 -105.6 -9.38E-06 -1.66E-04 4.4 18.7 Hinging 11
Upper & Lower 22
Projected Yield NA 39.3 0.0 9.38E-06 0.00E+00 1.0 1.0 None
Failure/End 21-22 133.5 94.2 9.38E-06 1.48E-04 3.4 16.8
Adjusted Failure 21-22 154.5 115.2 9.38E-06 1.81E-04 3.9 20.3
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
10
NA
100
NA
300
157.1
NA
Column Shear-Sway Data
Positive Deflection
1.39E-04
7.04E-06
9.38E-06
1.57E-04
1.90E-04
Averages
φ (mm
-1
)
-9.38E-06
-1.75E-04
9.38E-06
Failure Details
Bond Failure Location
Test Reached Failure
471
0
471
Joint Stirrups Yield
1.39E-04
-1.65E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-7.04E-06
Beam Failure Mode
Comments Loading Scenario
Joint reinforcement yield stress was not measured and 
assumed to be 500MPa.  Beam stirrups assumed to be 
300MPa.
Recording issues occurred during the first 6 load runs.
Final failure due to extensive beam degradation in the 
plastic hinges with bond failure in load run 22
Shear cracks evident in the beams.
Appendix C: Bond Failures
C-21
Brooke-3B-2005
Failure caused by bond failure
Yielding of beams11
Brooke 2005 3B
CommentsLoad Run
22
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Vcol(fb)
Vcol(yb)0.8Vcol(M)
Appendix C: Bond Failures
C-22
Brooke-4B-2005
Unit lc 3248 mm f'c 42.8 MPa
l'c 1374 mm dbS 12 mm
lb 4872 mm hc 675 mm dbT 0 mm
l'b 2036 mm wc 360 mm #legsS 4
hb 500 mm bj 360 mm #legsT 0
wb 200 mm SetsS 6
db5A 16 mm SetsT 0
db1 25 mm db5B 16 mm sS 78 mm
db2 0 mm #5A 2 sT 0 mm
#1 3 #5B 2 AshS 2714 mm
2
#2 0 As5A 402 mm
2
AshT 0 mm
2
As1 1473 mm
2
As5B 402 mm
2
Ashp 2714 mm
2
As2 0 mm
2
As5 804 mm
2
SetseS 5.21
Astop 1473 mm
2
fy5A 584 MPa SetseT 0
fy1 552 MPa fy5B 584 MPa Ashpe 2357 mm
2
fy2 0 MPa fy5 584 MPa fyS 500 MPa
fytop 552 MPa fyT 0 MPa
fu1 690 MPa db6 16 mm Vshp 1357 kN
fu2 0 MPa db7 16 mm Vshpe 1178 kN
futop 690 MPa db8 16 mm fyh 500 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 25 mm
2
#8 2 0.2f'c MPa
#3 0 #9 0 Vjho 1710 1476 kN
#4 3 As6 402 mm
2
vjho 7.04 6.07 MPa
As3 0 mm
2
As7 402 mm
2
6vjho/f'c 0.99 0.85 >0.85
As4 1473 mm
2
As8 402 mm
2
vjho/f'c 0.16 0.14
Asbot 1473 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 1206 mm
2
Ajh 2219 1916 mm
2
fy4 552 MPa fy6 584 MPa Vjh 1110 958 kN
fybot 552 MPa fy7 584 MPa Vjh/Vjho 0.65 0.65
fu3 0 MPa fy8 584 MPa Vshp/Vjho 0.79 0.92
fu4 690 MPa fy9 0 MPa Vshpe/Vjho 0.69 0.80
fubot 690 MPa fyint 584 MPa Ashp/Ajh 1.22 1.42
λ2bot 1.25 Fint 705 kN Ashpe/Ajh 1.06 1.23
Fint/Vjv 0.556 Ajh<0.85 2219 1916 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 37.5 mm αv
d2 NA mm d5 37 mm Ajv 975 842 mm
2
d3 NA mm d6 187.25 mm Ajvp/Ajv 1.24 1.43
d4 462.5 mm d7 337.5 mm
d1-2 37.5 mm d8 487.75 mm
d3-4 462.5 mm d9 NA mm
d10 638 mm
d'1 462.5 mm
d'2 NA mm N/Agf'c 0.010
d'3 NA mm N 104 kN
d'4 37.5 mm
d'1-2 462.5 mm
d'3-4 37.5 mm
JointColumnBrooke 2005
4B
Beam
Positive Curvature
Negative Curvature
0.69
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.38
8.56
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1473
Appendix C: Bond Failures
C-23
Brooke-4B-2005
Mcol(yc) 409 kNm Max db 25.00 mm dbC mm
Mcol(fc) 528 kNm hc/db 27.00 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 813 813 1016 NA kN #LegsD
T- 813 813 1016 NA kN AVpC mm
2
Mb+ 339 350 438 372 kNm AVpD mm
2
Mb- 339 350 438 372 kNm sVC mm
Vb+ 166 172 215 183 kN sVD mm
Vb- 166 172 215 183 kN fytC MPa
Mcol 343 354 443 376 kNm fytD MPa
Mcol/Mcol(yc) 0.84 0.87 1.08 0.92 VspC/sVC kN/m
Vcol 250 258 322 274 kN Δmax 135 mm VspD/sVD kN/m
Vjh 1376 1368 1710 1476 kN Δy 41.2 mm Vsp/sV kN/m
Vshp/Vjh 0.99 0.99 0.79 0.92 Δy/lc 1.27 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.86 0.86 0.69 0.80 Max Crack NA mm Vb 215 183 kN
Vs
+
reqd 465 395 kN/m
Vs
-
reqd 465 395 kN/m
Vsreqd 465 395 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.01 1.19
3/4 Theoretical NA 37.1 0.0 7.04E-06 0.00E+00 0.8 0.8
Projected Yield NA 49.5 0.0 9.38E-06 0.00E+00 1.0 1.0
Max Shear 17 135.0 85.5 9.38E-06 1.34E-04 2.7 15.3 Comment Load Run
Failure/End 19 135.0 85.5 9.38E-06 1.34E-04 2.7 15.3 Yes 20
19.8
3/4 Theoretical NA -24.6 0 -7.04E-06 0.00E+00 0.8 0.8 4
Projected Yield NA -32.8 0.0 -9.38E-06 0.00E+00 1.0 1.0 NA
Max Shear 18 -130.4 -97.6 -9.38E-06 -1.53E-04 4.0 17.3 NA
Failure/End 20 -130.4 -97.6 -9.38E-06 -1.53E-04 4.0 17.3 Hinging 9
Upper & Lower 19
Projected Yield NA 41.2 0.0 9.38E-06 0.00E+00 1.0 1.0 None
Failure/End 19-20 132.7 91.6 9.38E-06 1.44E-04 3.2 16.3
Adjusted Failure 19-20 153.6 112.5 9.38E-06 1.77E-04 3.7 19.8
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
10
100
NA
NA
300
157.1
NA
Column Shear-Sway Data
Positive Deflection
1.44E-04
7.04E-06
9.38E-06
1.53E-04
1.86E-04
Averages
φ (mm
-1
)
-9.38E-06
-1.63E-04
9.38E-06
Failure Details
Bond Failure Location
Test Reached Failure
471
0
471
Joint Stirrups Yield
1.44E-04
-1.63E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-7.04E-06
Beam Failure Mode
Comments Loading Scenario
Joint reinforcement yield stress was not measured and 
assumed to be 500MPa.  Beam stirrups assumed to be 
300MPa.
Final failure due to extensive beam degradation in the 
plastic hinges with bond failure in load run 19.
Shear cracks evident in the beams.
Appendix C: Bond Failures
C-24
Brooke-4B-2005
Brooke 2005 4B
CommentsLoad Run
20 Failure caused by bond failure
Yielding of beams
Bond failure in beams
9
19
Vcol(fb)Vcol(yb)
0.9Vcol(M)
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Appendix C: Bond Failures
C-25
Joh-JXO-B8-HH-1991
Unit lc 1750 mm f'c 25.6 MPa
l'c 700 mm dbS 5 mm
lb 3000 mm hc 300 mm dbT 5 mm
l'b 1350 mm wc 300 mm #legsS 2
hb 350 mm bj 300 mm #legsT 2
wb 200 mm SetsS 6
db5A 13 mm SetsT 6
db1 13 mm db5B 13 mm sS 43 mm
db2 0 mm #5A 2 sT 43 mm
#1 3 #5B 2 AshS 236 mm
2
#2 0 As5A 265 mm
2
AshT 236 mm
2
As1 398 mm
2
As5B 265 mm
2
Ashp 471 mm
2
As2 0 mm
2
As5 531 mm
2
SetseS 5.65
Astop 398 mm
2
fy5A 404 MPa SetseT 5.65
fy1 404 MPa fy5B 404 MPa Ashpe 444 mm
2
fy2 0 MPa fy5 404 MPa fyS 1320 MPa
fytop 404 MPa fyT 1010 MPa
fu1 505 MPa db6 13 mm Vshp 549 kN
fu2 0 MPa db7 13 mm Vshpe 517 kN
futop 505 MPa db8 13 mm fyh 1165 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 13 mm
2
#8 2 0.2f'c MPa
#3 0 #9 0 Vjho 325 286 kN
#4 3 As6 265 mm
2
vjho 3.61 3.18 MPa
As3 0 mm
2
As7 265 mm
2
6vjho/f'c 0.85 0.75 <0.85
As4 398 mm
2
As8 265 mm
2
vjho/f'c 0.14 0.12
Asbot 398 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 796 mm
2
Ajh 136 136 mm
2
fy4 404 MPa fy6 404 MPa Vjh 158 158 kN
fybot 404 MPa fy7 404 MPa Vjh/Vjho 0.49 0.55
fu3 0 MPa fy8 404 MPa Vshp/Vjho 1.69 1.92
fu4 505 MPa fy9 0 MPa Vshpe/Vjho 1.59 1.81
fubot 505 MPa fyint 404 MPa Ashp/Ajh 3.48 3.48
λ2bot 1.25 Fint 322 kN Ashpe/Ajh 3.27 3.27
Fint/Vjv 0.849 Ajh<0.85 135 119 mm
2
Ajh<0.85/Ajh 0.99 0.88
d1 30 mm αv
d2 NA mm d5 30 mm Ajv 277 277 mm
2
d3 NA mm d6 90 mm Ajvp/Ajv 2.88 2.88
d4 320 mm d7 150 mm
d1-2 30 mm d8 210 mm
d3-4 320 mm d9 NA mm
d10 270 mm
d'1 320 mm
d'2 NA mm N/Agf'c 0.153
d'3 NA mm N 353 kN
d'4 30 mm
d'1-2 320 mm
d'3-4 30 mm
JointColumnJoh 1991
JXO-B8-HH
Beam
Positive Curvature
Negative Curvature
0.61
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.16
5.12
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
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Appendix C: Bond Failures
C-26
Joh-JXO-B8-HH-1991
Mcol(yc) 102 kNm Max db 13.00 mm dbC mm
Mcol(fc) 120 kNm hc/db 23.08 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 161 161 201 NA kN #LegsD
T- 161 161 201 NA kN AVpC mm
2
Mb+ 47 49 61 51 kNm AVpD mm
2
Mb- 47 49 61 51 kNm sVC mm
Vb+ 35 36 45 38 kN sVD mm
Vb- 35 36 45 38 kN fytC MPa
Mcol 42 43 54 45 kNm fytD MPa
Mcol/Mcol(yc) 0.41 0.43 0.53 0.44 VspC/sVC kN/m
Vcol 60 62 77 65 kN Δmax 56 mm VspD/sVD kN/m
Vjh 262 260 325 286 kN Δy 10.0 mm Vsp/sV kN/m
Vshp/Vjh 2.10 2.11 1.69 1.92 Δy/lc 0.57 % Theoretical (o) Measured (M)
Vshpe/Vjh 1.97 1.99 1.59 1.81 Max Crack NA mm Vb 45 38 kN
Vs
+
reqd 141 118 kN/m
Vs
-
reqd 141 118 kN/m
Vsreqd 141 118 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 4.53 5.43
3/4 Theoretical NA 7.1 0.0 7.36E-06 0.00E+00 0.8 0.8
Projected Yield NA 9.5 0.0 9.81E-06 0.00E+00 1.0 1.0
Max Shear 17 56.3 46.8 9.81E-06 1.82E-04 5.9 19.5 Comment Load Run
Failure/End 21 89.4 79.9 9.81E-06 3.10E-04 9.4 32.6 Yes 21
30.1
3/4 Theoretical NA -7.8 0 -7.36E-06 0.00E+00 0.8 0.8 2
Projected Yield NA -10.4 0.0 -9.81E-06 0.00E+00 1.0 1.0 NA
Max Shear 18 -54.9 -44.5 -9.81E-06 -1.73E-04 5.3 18.6 NA
Failure/End 20 -69.6 -59.2 -9.81E-06 -2.30E-04 6.7 24.4 Hinging 3
Unknown 19
Projected Yield NA 10.0 0.0 9.81E-06 0.00E+00 1.0 1.0 None
Failure/End 20-21 79.5 69.6 9.81E-06 2.70E-04 8.0 28.5
Adjusted Failure 20-21 83.5 73.5 9.81E-06 2.85E-04 8.4 30.1
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
3
NA
6
50
NA
NA
377
84.8
NA
Column Shear-Sway Data
Positive Deflection
1.91E-04
7.36E-06
9.81E-06
2.80E-04
2.95E-04
Averages
φ (mm
-1
)
-9.81E-06
-2.39E-04
9.81E-06
Failure Details
Bond Failure Location
Test Reached Failure
640
0
640
Joint Stirrups Yield
3.20E-04
-1.82E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-7.36E-06
Beam Failure Mode
Comments Loading Scenario
Spiral rebar in joint with very high yield strength of 1320 
MPa and 1010 MPa. 
Elastic cycles between 4-5, 8-9, 9-10 not included as load 
run numbers.
Bond failure of beam bars through the joint zone in load 
run 19.
Appendix C: Bond Failures
C-27
Joh-JXO-B8-HH-1991
Joh 1991 JXO-B8-HH
CommentsLoad Run
Test end
Elastic cycles
Slip of beam bars through joint zone
1-2
10
23
21 Failure caused by bond slip
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Appendix C: Bond Failures
C-28
Joh-JXO-B8-HL-1991
Unit lc 1750 mm f'c 27.4 MPa
l'c 700 mm dbS 5 mm
lb 3000 mm hc 300 mm dbT 5 mm
l'b 1350 mm wc 300 mm #legsS 2
hb 350 mm bj 300 mm #legsT 2
wb 200 mm SetsS 6
db5A 13 mm SetsT 6
db1 13 mm db5B 13 mm sS 43 mm
db2 0 mm #5A 2 sT 43 mm
#1 3 #5B 2 AshS 236 mm
2
#2 0 As5A 265 mm
2
AshT 236 mm
2
As1 398 mm
2
As5B 265 mm
2
Ashp 471 mm
2
As2 0 mm
2
As5 531 mm
2
SetseS 5.65
Astop 398 mm
2
fy5A 404 MPa SetseT 5.65
fy1 404 MPa fy5B 404 MPa Ashpe 444 mm
2
fy2 0 MPa fy5 404 MPa fyS 1320 MPa
fytop 404 MPa fyT 1010 MPa
fu1 505 MPa db6 13 mm Vshp 549 kN
fu2 0 MPa db7 13 mm Vshpe 517 kN
futop 505 MPa db8 13 mm fyh 1165 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 13 mm
2
#8 2 0.2f'c MPa
#3 0 #9 0 Vjho 324 301 kN
#4 3 As6 265 mm
2
vjho 3.61 3.35 MPa
As3 0 mm
2
As7 265 mm
2
6vjho/f'c 0.79 0.73 <0.85
As4 398 mm
2
As8 265 mm
2
vjho/f'c 0.13 0.12
Asbot 398 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 796 mm
2
Ajh 137 137 mm
2
fy4 404 MPa fy6 404 MPa Vjh 160 160 kN
fybot 404 MPa fy7 404 MPa Vjh/Vjho 0.49 0.53
fu3 0 MPa fy8 404 MPa Vshp/Vjho 1.69 1.82
fu4 505 MPa fy9 0 MPa Vshpe/Vjho 1.59 1.72
fubot 505 MPa fyint 404 MPa Ashp/Ajh 3.43 3.43
λ2bot 1.25 Fint 322 kN Ashpe/Ajh 3.23 3.23
Fint/Vjv 0.850 Ajh<0.85 128 119 mm
2
Ajh<0.85/Ajh 0.93 0.86
d1 30 mm αv
d2 NA mm d5 30 mm Ajv 283 283 mm
2
d3 NA mm d6 90 mm Ajvp/Ajv 2.81 2.81
d4 320 mm d7 150 mm
d1-2 30 mm d8 210 mm
d3-4 320 mm d9 NA mm
d10 270 mm
d'1 320 mm
d'2 NA mm N/Agf'c 0.143
d'3 NA mm N 353 kN
d'4 30 mm
d'1-2 320 mm
d'3-4 30 mm
JointColumnJoh 1991
JXO-B8-HL
Beam
Positive Curvature
Negative Curvature
0.61
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.17
5.48
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
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Appendix C: Bond Failures
C-29
Joh-JXO-B8-HL-1991
Mcol(yc) 103 kNm Max db 13.00 mm dbC mm
Mcol(fc) 122 kNm hc/db 23.08 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 161 161 201 NA kN #LegsD
T- 161 161 201 NA kN AVpC mm
2
Mb+ 47 49 61 54 kNm AVpD mm
2
Mb- 47 49 61 54 kNm sVC mm
Vb+ 35 36 45 40 kN sVD mm
Vb- 35 36 45 40 kN fytC MPa
Mcol 42 44 54 48 kNm fytD MPa
Mcol/Mcol(yc) 0.41 0.42 0.53 0.46 VspC/sVC kN/m
Vcol 60 62 78 68 kN Δmax 45 mm VspD/sVD kN/m
Vjh 262 260 324 301 kN Δy 9.9 mm Vsp/sV kN/m
Vshp/Vjh 2.10 2.12 1.69 1.82 Δy/lc 0.57 % Theoretical (o) Measured (M)
Vshpe/Vjh 1.97 1.99 1.59 1.72 Max Crack NA mm Vb 45 40 kN
Vs
+
reqd 142 124 kN/m
Vs
-
reqd 142 124 kN/m
Vsreqd 142 124 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 2.26 2.58
3/4 Theoretical NA 7.1 0.0 7.36E-06 0.00E+00 0.8 0.8
Projected Yield NA 9.5 0.0 9.81E-06 0.00E+00 1.0 1.0
Max Shear 13 44.5 35.0 9.81E-06 1.36E-04 4.7 14.8 Comment Load Run
Failure/End 21 90.4 80.9 9.81E-06 3.14E-04 9.5 33.0 Yes 21
29.2
3/4 Theoretical NA -7.7 0 -7.36E-06 0.00E+00 0.8 0.8 1
Projected Yield NA -10.3 0.0 -9.81E-06 0.00E+00 1.0 1.0 NA
Max Shear 14 -45.1 -34.8 -9.81E-06 -1.35E-04 4.4 14.8 NA
Failure/End 20 -72.2 -61.9 -9.81E-06 -2.40E-04 7.0 25.5 Hinging 3
Unknown 14
Projected Yield NA 9.9 0.0 9.81E-06 0.00E+00 1.0 1.0 None
Failure/End 20-21 81.3 71.4 9.81E-06 2.77E-04 8.2 29.2
Adjusted Failure 20-21 81.3 71.4 9.81E-06 2.77E-04 8.2 29.2
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
3
NA
6
NA
100
NA
377
84.8
NA
Column Shear-Sway Data
Positive Deflection
1.46E-04
7.36E-06
9.81E-06
2.87E-04
2.87E-04
Averages
φ (mm
-1
)
-9.81E-06
-2.50E-04
9.81E-06
Failure Details
Bond Failure Location
Test Reached Failure
320
0
320
Joint Stirrups Yield
3.24E-04
-1.45E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-7.36E-06
Beam Failure Mode
Comments Loading Scenario
Spiral rebar in joint with very high yield strength of 1320 
MPa and 1010 MPa. 
Elastic cycles between 4-5, 8-9, 9-10 not included as load 
run numbers.
Bond failure of beam bars through the joint zone around 
load run 14.
Appendix C: Bond Failures
C-30
Joh-JXO-B8-HL-1991
Joh 1991 JXO-B8-HL
CommentsLoad Run
Test end
Elastic cycles
Slip of beam bars through joint zone
1-2
14
24
21 Failure caused by bond slip
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Vcol(fb)
Vcol(yb)0.9Vcol(M)
Appendix C: Bond Failures
C-31
Joh-JXO-B8-LH-1991
Unit lc 1750 mm f'c 26.9 MPa
l'c 700 mm dbS 6 mm
lb 3000 mm hc 300 mm dbT 0 mm
l'b 1350 mm wc 300 mm #legsS 2
hb 350 mm bj 300 mm #legsT 0
wb 200 mm SetsS 3
db5A 13 mm SetsT 0
db1 13 mm db5B 13 mm sS 87.5 mm
db2 0 mm #5A 2 sT 0 mm
#1 3 #5B 2 AshS 170 mm
2
#2 0 As5A 265 mm
2
AshT 0 mm
2
As1 398 mm
2
As5B 265 mm
2
Ashp 170 mm
2
As2 0 mm
2
As5 531 mm
2
SetseS 3
Astop 398 mm
2
fy5A 404 MPa SetseT 0
fy1 404 MPa fy5B 404 MPa Ashpe 170 mm
2
fy2 0 MPa fy5 404 MPa fyS 377 MPa
fytop 404 MPa fyT 0 MPa
fu1 505 MPa db6 13 mm Vshp 64 kN
fu2 0 MPa db7 13 mm Vshpe 64 kN
futop 505 MPa db8 13 mm fyh 377 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 13 mm
2
#8 2 0.2f'c MPa
#3 0 #9 0 Vjho 325 294 kN
#4 3 As6 265 mm
2
vjho 3.61 3.27 MPa
As3 0 mm
2
As7 265 mm
2
6vjho/f'c 0.80 0.73 <0.85
As4 398 mm
2
As8 265 mm
2
vjho/f'c 0.13 0.12
Asbot 398 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 796 mm
2
Ajh 423 423 mm
2
fy4 404 MPa fy6 404 MPa Vjh 159 159 kN
fybot 404 MPa fy7 404 MPa Vjh/Vjho 0.49 0.54
fu3 0 MPa fy8 404 MPa Vshp/Vjho 0.20 0.22
fu4 505 MPa fy9 0 MPa Vshpe/Vjho 0.20 0.22
fubot 505 MPa fyint 404 MPa Ashp/Ajh 0.40 0.40
λ2bot 1.25 Fint 322 kN Ashpe/Ajh 0.40 0.40
Fint/Vjv 0.850 Ajh<0.85 400 363 mm
2
Ajh<0.85/Ajh 0.95 0.86
d1 30 mm αv
d2 NA mm d5 30 mm Ajv 281 281 mm
2
d3 NA mm d6 90 mm Ajvp/Ajv 2.83 2.83
d4 320 mm d7 150 mm
d1-2 30 mm d8 210 mm
d3-4 320 mm d9 NA mm
d10 270 mm
d'1 320 mm
d'2 NA mm N/Agf'c 0.146
d'3 NA mm N 353 kN
d'4 30 mm
d'1-2 320 mm
d'3-4 30 mm
JointColumnJoh 1991
JXO-B8-LH
Beam
Positive Curvature
Negative Curvature
0.61
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.17
5.38
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
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Appendix C: Bond Failures
C-32
Joh-JXO-B8-LH-1991
Mcol(yc) 103 kNm Max db 13.00 mm dbC mm
Mcol(fc) 122 kNm hc/db 23.08 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 161 161 201 NA kN #LegsD
T- 161 161 201 NA kN AVpC mm
2
Mb+ 47 49 61 52 kNm AVpD mm
2
Mb- 47 49 61 52 kNm sVC mm
Vb+ 35 36 45 39 kN sVD mm
Vb- 35 36 45 39 kN fytC MPa
Mcol 42 43 54 46 kNm fytD MPa
Mcol/Mcol(yc) 0.41 0.42 0.53 0.45 VspC/sVC kN/m
Vcol 60 62 78 66 kN Δmax 57 mm VspD/sVD kN/m
Vjh 262 260 325 294 kN Δy 10.0 mm Vsp/sV kN/m
Vshp/Vjh 0.24 0.25 0.20 0.22 Δy/lc 0.57 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.24 0.25 0.20 0.22 Max Crack NA mm Vb 45 39 kN
Vs
+
reqd 142 121 kN/m
Vs
-
reqd 142 121 kN/m
Vsreqd 142 121 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 4.52 5.29
3/4 Theoretical NA 7.7 0.0 7.36E-06 0.00E+00 0.8 0.8
Projected Yield NA 10.3 0.0 9.81E-06 0.00E+00 1.0 1.0
Max Shear 15 57.0 46.7 9.81E-06 1.81E-04 5.5 19.5 Comment Load Run
Failure/End 21 90.4 80.1 9.81E-06 3.11E-04 8.8 32.7 Yes 22
34.4
3/4 Theoretical NA -7.2 0 -7.36E-06 0.00E+00 0.8 0.8 2
Projected Yield NA -9.6 0.0 -9.81E-06 0.00E+00 1.0 1.0 NA
Max Shear 16 -43.2 -33.6 -9.81E-06 -1.30E-04 4.5 14.3 NA
Failure/End 22 -89.4 -79.8 -9.81E-06 -3.10E-04 9.3 32.6 Hinging 3
Unknown 15
Projected Yield NA 10.0 0.0 9.81E-06 0.00E+00 1.0 1.0 None
Failure/End 21-22 89.9 80.0 9.81E-06 3.10E-04 9.0 32.6
Adjusted Failure 21-22 94.4 84.4 9.81E-06 3.28E-04 9.5 34.4
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
3
NA
6
50
NA
NA
377
84.8
NA
Column Shear-Sway Data
Positive Deflection
1.91E-04
7.36E-06
9.81E-06
3.20E-04
3.37E-04
Averages
φ (mm
-1
)
-9.81E-06
-3.19E-04
9.81E-06
Failure Details
Bond Failure Location
Test Reached Failure
640
0
640
Joint Stirrups Yield
3.21E-04
-1.40E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-7.36E-06
Beam Failure Mode
Comments Loading Scenario
Elastic cycles between 4-5, 8-9, 9-10 not included as load 
run numbers.
Bond failure of beam bars through the joint zone around 
load run 15.
Appendix C: Bond Failures
C-33
Joh-JXO-B8-LH-1991
Joh 1991 JXO-B8-LH
CommentsLoad Run
Test end
Elastic cycles
Slip of beam bars through joint zone
1-2
15
24
22 Failure caused by bond slip
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Vcol(fb) Vcol(yb)
0.9Vcol(M)
Appendix C: Bond Failures
C-34
Joh-JXO-B8-MH-1991
Unit lc 1750 mm f'c 28.1 MPa
l'c 700 mm dbS 6 mm
lb 3000 mm hc 300 mm dbT 0 mm
l'b 1350 mm wc 300 mm #legsS 2
hb 350 mm bj 300 mm #legsT 0
wb 200 mm SetsS 7
db5A 13 mm SetsT 0
db1 13 mm db5B 13 mm sS 45 mm
db2 0 mm #5A 2 sT 0 mm
#1 3 #5B 2 AshS 396 mm
2
#2 0 As5A 265 mm
2
AshT 0 mm
2
As1 398 mm
2
As5B 265 mm
2
Ashp 396 mm
2
As2 0 mm
2
As5 531 mm
2
SetseS 6.12
Astop 398 mm
2
fy5A 404 MPa SetseT 0
fy1 404 MPa fy5B 404 MPa Ashpe 346 mm
2
fy2 0 MPa fy5 404 MPa fyS 377 MPa
fytop 404 MPa fyT 0 MPa
fu1 505 MPa db6 13 mm Vshp 149 kN
fu2 0 MPa db7 13 mm Vshpe 130 kN
futop 505 MPa db8 13 mm fyh 377 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 13 mm
2
#8 2 0.2f'c MPa
#3 0 #9 0 Vjho 324 296 kN
#4 3 As6 265 mm
2
vjho 3.60 3.29 MPa
As3 0 mm
2
As7 265 mm
2
6vjho/f'c 0.77 0.70 <0.85
As4 398 mm
2
As8 265 mm
2
vjho/f'c 0.13 0.12
Asbot 398 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 796 mm
2
Ajh 427 427 mm
2
fy4 404 MPa fy6 404 MPa Vjh 161 161 kN
fybot 404 MPa fy7 404 MPa Vjh/Vjho 0.50 0.54
fu3 0 MPa fy8 404 MPa Vshp/Vjho 0.46 0.50
fu4 505 MPa fy9 0 MPa Vshpe/Vjho 0.40 0.44
fubot 505 MPa fyint 404 MPa Ashp/Ajh 0.93 0.93
λ2bot 1.25 Fint 322 kN Ashpe/Ajh 0.81 0.81
Fint/Vjv 0.850 Ajh<0.85 386 353 mm
2
Ajh<0.85/Ajh 0.91 0.83
d1 30 mm αv
d2 NA mm d5 30 mm Ajv 285 285 mm
2
d3 NA mm d6 90 mm Ajvp/Ajv 2.79 2.79
d4 320 mm d7 150 mm
d1-2 30 mm d8 210 mm
d3-4 320 mm d9 NA mm
d10 270 mm
d'1 320 mm
d'2 NA mm N/Agf'c 0.140
d'3 NA mm N 354 kN
d'4 30 mm
d'1-2 320 mm
d'3-4 30 mm
JointColumnJoh 1991
JXO-B8-MH
Beam
Positive Curvature
Negative Curvature
0.61
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.18
5.62
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
398
Appendix C: Bond Failures
C-35
Joh-JXO-B8-MH-1991
Mcol(yc) 103 kNm Max db 13.00 mm dbC mm
Mcol(fc) 123 kNm hc/db 23.08 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 161 161 201 NA kN #LegsD
T- 161 161 201 NA kN AVpC mm
2
Mb+ 47 49 61 53 kNm AVpD mm
2
Mb- 47 49 61 53 kNm sVC mm
Vb+ 35 36 45 39 kN sVD mm
Vb- 35 36 45 39 kN fytC MPa
Mcol 42 44 54 47 kNm fytD MPa
Mcol/Mcol(yc) 0.41 0.42 0.53 0.45 VspC/sVC kN/m
Vcol 60 62 78 67 kN Δmax 44 mm VspD/sVD kN/m
Vjh 262 259 324 296 kN Δy 9.9 mm Vsp/sV kN/m
Vshp/Vjh 0.57 0.58 0.46 0.50 Δy/lc 0.56 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.50 0.50 0.40 0.44 Max Crack NA mm Vb 45 39 kN
Vs
+
reqd 142 122 kN/m
Vs
-
reqd 142 122 kN/m
Vsreqd 142 122 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 4.51 5.25
3/4 Theoretical NA 7.3 0.0 7.36E-06 0.00E+00 0.8 0.8
Projected Yield NA 9.7 0.0 9.81E-06 0.00E+00 1.0 1.0
Max Shear 15 44.4 34.7 9.81E-06 1.35E-04 4.6 14.7 Comment Load Run
Failure/End 21 90.4 80.7 9.81E-06 3.13E-04 9.3 32.9 Yes 24
34.5
3/4 Theoretical NA -7.5 0 -7.36E-06 0.00E+00 0.8 0.8 2
Projected Yield NA -10.0 0.0 -9.81E-06 0.00E+00 1.0 1.0 NA
Max Shear 16 -44.4 -34.4 -9.81E-06 -1.33E-04 4.4 14.6 NA
Failure/End 22 -89.8 -79.8 -9.81E-06 -3.10E-04 9.0 32.6 Hinging 3
Unknown 13
Projected Yield NA 9.9 0.0 9.81E-06 0.00E+00 1.0 1.0 None
Failure/End 21-22 90.1 80.3 9.81E-06 3.11E-04 9.1 32.7
Adjusted Failure 21-22 94.6 84.8 9.81E-06 3.29E-04 9.6 34.5
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
3
NA
6
NA
50
NA
377
84.8
NA
Column Shear-Sway Data
Positive Deflection
1.44E-04
7.36E-06
9.81E-06
3.21E-04
3.39E-04
Averages
φ (mm
-1
)
-9.81E-06
-3.19E-04
9.81E-06
Failure Details
Bond Failure Location
Test Reached Failure
640
0
640
Joint Stirrups Yield
3.23E-04
-1.43E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-7.36E-06
Beam Failure Mode
Comments Loading Scenario
Elastic cycles between 4-5, 8-9, 9-10 not included as load 
run numbers.
Bond failure of beam bars through the joint zone around 
load run 13.
Appendix C: Bond Failures
C-36
Joh-JXO-B8-MH-1991
Joh 1991 JXO-B8-MH
CommentsLoad Run
Test end
Elastic cycles
Slip of beam bars through joint zone
1-2
13
24
22 Failure caused by bond slip
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Vcol(fb)
Vcol(yb)0.9Vcol(M)
Appendix C: Bond Failures
C-37
Lin-Unit 2-2000
Unit lc 2450 mm f'c 33.3 MPa
l'c 950 mm dbS 10 mm
lb 3190 mm hc 390 mm dbT 6 mm
l'b 1400 mm wc 390 mm #legsS 2
hb 550 mm bj 390 mm #legsT 2
wb 300 mm SetsS 9
db5A 16 mm SetsT 9
db1 12 mm db5B 12 mm sS 47 mm
db2 12 mm #5A 2 sT 47 mm
#1 4 #5B 2 AshS 1414 mm
2
#2 4 As5A 402 mm
2
AshT 509 mm
2
As1 452 mm
2
As5B 226 mm
2
Ashp 1923 mm
2
As2 452 mm
2
As5 628 mm
2
SetseS 8.14
Astop 905 mm
2
fy5A 518 MPa SetseT 8.14
fy1 525 MPa fy5B 525 MPa Ashpe 1739 mm
2
fy2 525 MPa fy5 521 MPa fyS 354 MPa
fytop 525 MPa fyT 352 MPa
fu1 656 MPa db6 12 mm Vshp 680 kN
fu2 656 MPa db7 12 mm Vshpe 615 kN
futop 656 MPa db8 0 mm fyh 353 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 12 mm
2
#7 2 αi
db4 12 mm
2
#8 0 0.2f'c MPa
#3 4 #9 0 Vjho 920 876 kN
#4 4 As6 226 mm
2
vjho 6.05 5.76 MPa
As3 452 mm
2
As7 226 mm
2
6vjho/f'c 1.09 1.04 >0.85
As4 452 mm
2
As8 0 mm
2
vjho/f'c 0.18 0.17
Asbot 905 mm
2
As9 0 mm
2
As mm
2
fy3 525 MPa Asint 452 mm
2
Ajh 1043 993 mm
2
fy4 525 MPa fy6 525 MPa Vjh 369 351 kN
fybot 525 MPa fy7 525 MPa Vjh/Vjho 0.40 0.40
fu3 656 MPa fy8 0 MPa Vshp/Vjho 0.74 0.78
fu4 656 MPa fy9 0 MPa Vshpe/Vjho 0.67 0.70
fubot 656 MPa fyint 525 MPa Ashp/Ajh 1.84 1.94
λ2bot 1.25 Fint 238 kN Ashpe/Ajh 1.67 1.75
Fint/Vjv 0.183 Ajh<0.85 1043 993 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 30 mm αv
d2 62 mm d5 43 mm Ajv 485 461 mm
2
d3 488 mm d6 144 mm Ajvp/Ajv 0.93 0.98
d4 520 mm d7 246 mm
d1-2 46 mm d8 NA mm
d3-4 504 mm d9 NA mm
d10 347 mm
d'1 520 mm
d'2 488 mm N/Agf'c 0.430
d'3 62 mm N 2178 kN
d'4 30 mm
d'1-2 504 mm
d'3-4 46 mm
JointColumnLin 2000
Unit 2
Beam
Positive Curvature
Negative Curvature
0.49
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
0.71
6.66
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
905
Appendix C: Bond Failures
C-38
Lin-Unit 2-2000
Mcol(yc) 330 kNm Max db 12.00 mm dbC mm
Mcol(fc) 318 kNm hc/db 32.50 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 456 475 594 NA kN #LegsD
T- 456 475 594 NA kN AVpC mm
2
Mb+ 212 230 288 255 kNm AVpD mm
2
Mb- 212 230 288 255 kNm sVC mm
Vb+ 152 164 206 182 kN sVD mm
Vb- 152 164 206 182 kN fytC MPa
Mcol 188 203 254 225 kNm fytD MPa
Mcol/Mcol(yc) 0.57 0.62 0.77 0.68 VspC/sVC kN/m
Vcol 197 214 268 237 kN Δmax 67 mm VspD/sVD kN/m
Vjh 715 736 920 876 kN Δy 17.0 mm Vsp/sV kN/m
Vshp/Vjh 0.95 0.92 0.74 0.78 Δy/lc 0.69 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.86 0.84 0.67 0.70 Max Crack Spalling mm Vb 206 182 kN
Vs
+
reqd 408 361 kN/m
Vs
-
reqd 408 361 kN/m
Vsreqd 408 361 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.39 1.57
3/4 Theoretical NA 14.0 0.0 6.09E-06 0.00E+00 0.8 0.8
Projected Yield NA 18.6 0.0 8.11E-06 0.00E+00 1.0 1.0
Max Shear 9 65.4 46.8 8.11E-06 8.78E-05 3.5 11.8 Comment Load Run
Failure/End 13 98.2 79.6 8.11E-06 1.49E-04 5.3 19.4 Yes 14
21.2
3/4 Theoretical NA -11.6 0 -6.09E-06 0.00E+00 0.8 0.8 2
Projected Yield NA -15.4 0.0 -8.11E-06 0.00E+00 1.0 1.0 None
Max Shear 10 -67.0 -51.6 -8.11E-06 -9.68E-05 4.4 12.9 2/9 10
Failure/End 14 -100.3 -84.9 -8.11E-06 -1.59E-04 6.5 20.6 Plastic Hinges 5
Upper 13
Projected Yield NA 17.0 0.0 8.11E-06 0.00E+00 1.0 1.0 None
Failure/End 13-14 99.3 82.3 8.11E-06 1.54E-04 5.8 20.0
Adjusted Failure 13-14 104.2 87.2 8.11E-06 1.64E-04 6.1 21.2
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
4
NA
6
NA
70
NA
352
113.1
NA
Column Shear-Sway Data
Positive Deflection
9.59E-05
6.09E-06
8.11E-06
1.62E-04
1.72E-04
Averages
φ (mm
-1
)
-8.11E-06
-1.67E-04
8.11E-06
Failure Details
Bond Failure Location
Test Reached Failure
569
0
569
Joint Stirrups Yield
1.57E-04
-1.05E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-6.09E-06
Beam Failure Mode
Comments Loading Scenario
Grouted column bars around the joint zone.
Bond failure occurred around the upper beam bars in load 
run 13, pinching the hysteretic behaviour.  Crushing of the 
upper joint corners occurred after bond failure.
Failure due to beam deterioration from bond slip.
Appendix C: Bond Failures
C-39
Lin-Unit 2-2000
Lin 2000 Unit 2
CommentsLoad Run
Beam deterioration due to bond failure
Elastic loading
Bond slip of upper bars
1-4
13
15
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Appendix C: Bond Failures
C-40
Lin-Unit 3-2000
Unit lc 2450 mm f'c 37 MPa
l'c 950 mm dbS 10 mm
lb 3190 mm hc 390 mm dbT 6 mm
l'b 1400 mm wc 390 mm #legsS 2
hb 550 mm bj 390 mm #legsT 2
wb 300 mm SetsS 4
db5A 16 mm SetsT 4
db1 12 mm db5B 12 mm sS 86 mm
db2 12 mm #5A 2 sT 86 mm
#1 4 #5B 2 AshS 628 mm
2
#2 2 As5A 402 mm
2
AshT 226 mm
2
As1 452 mm
2
As5B 226 mm
2
Ashp 855 mm
2
As2 226 mm
2
As5 628 mm
2
SetseS 4
Astop 679 mm
2
fy5A 518 MPa SetseT 4
fy1 525 MPa fy5B 525 MPa Ashpe 855 mm
2
fy2 525 MPa fy5 521 MPa fyS 354 MPa
fytop 525 MPa fyT 352 MPa
fu1 656 MPa db6 12 mm Vshp 302 kN
fu2 656 MPa db7 12 mm Vshpe 302 kN
futop 656 MPa db8 0 mm fyh 353 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 12 mm
2
#7 2 αi
db4 12 mm
2
#8 0 0.2f'c MPa
#3 2 #9 0 Vjho 684 617 kN
#4 4 As6 226 mm
2
vjho 4.50 4.06 MPa
As3 226 mm
2
As7 226 mm
2
6vjho/f'c 0.73 0.66 <0.85
As4 452 mm
2
As8 0 mm
2
vjho/f'c 0.12 0.11
Asbot 679 mm
2
As9 0 mm
2
As mm
2
fy3 525 MPa Asint 452 mm
2
Ajh 1062 1062 mm
2
fy4 525 MPa fy6 525 MPa Vjh 375 375 kN
fybot 525 MPa fy7 525 MPa Vjh/Vjho 0.55 0.61
fu3 656 MPa fy8 0 MPa Vshp/Vjho 0.44 0.49
fu4 656 MPa fy9 0 MPa Vshpe/Vjho 0.44 0.49
fubot 656 MPa fyint 525 MPa Ashp/Ajh 0.80 0.80
λ2bot 1.25 Fint 238 kN Ashpe/Ajh 0.80 0.80
Fint/Vjv 0.246 Ajh<0.85 912 822 mm
2
Ajh<0.85/Ajh 0.86 0.77
d1 30 mm αv
d2 62 mm d5 43 mm Ajv 642 642 mm
2
d3 488 mm d6 144 mm Ajvp/Ajv 0.70 0.70
d4 520 mm d7 246 mm
d1-2 40.7 mm d8 NA mm
d3-4 509.3 mm d9 NA mm
d10 347 mm
d'1 520 mm
d'2 488 mm N/Agf'c 0.100
d'3 62 mm N 563 kN
d'4 30 mm
d'1-2 509.3 mm
d'3-4 40.7 mm
Axial Stress
Column Bar Locations
From Edge of Column Face
679
Top Bars
Positive Curvature
Negative Curvature
0.64
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.24
7.4
JointColumn
Beam
Lin 2000
Unit 3
Appendix C: Bond Failures
C-41
Lin-Unit 3-2000
Mcol(yc) 201 kNm Max db 12.00 mm dbC mm
Mcol(fc) 228 kNm hc/db 32.50 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 347 356 445 NA kN #LegsD
T- 347 356 445 NA kN AVpC mm
2
Mb+ 165 178 222 185 kNm AVpD mm
2
Mb- 165 178 222 185 kNm sVC mm
Vb+ 118 127 159 132 kN sVD mm
Vb- 118 127 159 132 kN fytC MPa
Mcol 146 157 196 163 kNm fytD MPa
Mcol/Mcol(yc) 0.73 0.78 0.98 0.81 VspC/sVC kN/m
Vcol 154 165 207 172 kN Δmax 58 mm VspD/sVD kN/m
Vjh 541 547 684 617 kN Δy 16.0 mm Vsp/sV kN/m
Vshp/Vjh 0.56 0.55 0.44 0.49 Δy/lc 0.65 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.56 0.55 0.44 0.49 Max Crack NA mm Vb 159 132 kN
Vs
+
reqd 311 259 kN/m
Vs
-
reqd 311 259 kN/m
Vsreqd 311 259 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.42 1.71
3/4 Theoretical NA 13.4 0.0 6.09E-06 0.00E+00 0.8 0.8
Projected Yield NA 17.8 0.0 8.11E-06 0.00E+00 1.0 1.0
Max Shear 9 58.1 40.3 8.11E-06 7.56E-05 3.3 10.3 Comment Load Run
Failure/End 15 85.9 68.1 8.11E-06 1.28E-04 4.8 16.7 Yes 15
19.3
3/4 Theoretical NA -10.7 0 -6.09E-06 0.00E+00 0.8 0.8 3
Projected Yield NA -14.2 0.0 -8.11E-06 0.00E+00 1.0 1.0 None
Max Shear 10 -57.4 -43.2 -8.11E-06 -8.10E-05 4.0 11.0 2/4 9
Failure/End 14 -86.6 -72.4 -8.11E-06 -1.36E-04 6.1 17.7 Plastic Hinges 5
Upper 13
Projected Yield NA 16.0 0.0 8.11E-06 0.00E+00 1.0 1.0 None
Failure/End 14-15 86.3 70.3 8.11E-06 1.32E-04 5.4 17.2
Adjusted Failure 14-15 95.1 79.1 8.11E-06 1.48E-04 5.9 19.3
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
6
4
NA
NA
352
NA
90
NA
113.1
NA
Column Shear-Sway Data
Positive Deflection
8.37E-05
6.09E-06
8.11E-06
1.40E-04
1.56E-04
Averages
φ (mm
-1
)
-8.11E-06
-1.44E-04
8.11E-06
Failure Details
Bond Failure Location
Test Reached Failure
442
0
442
Joint Stirrups Yield
1.36E-04
-8.91E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-6.09E-06
Beam Failure Mode
Comments Loading Scenario
Grouted column bars around the joint zone.
Bond failure occurred around the upper beam bars in load 
run 13, pinching the hysteretic behaviour.  Crushing of the 
upper joint corners occurred after bond failure.
Failure due to beam deterioration from bond slip.
Appendix C: Bond Failures
C-42
Lin-Unit 3-2000
Lin 2000 Unit 3
CommentsLoad Run
Beam deterioration due to bond failure
Elastic loading
Bond slip of upper bars
1-4
13
15
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Vcol(fb)
Vcol(yb)0.9Vcol(M)
Appendix C: Bond Failures
C-43
Lin-Unit 4-2000
Unit lc 2450 mm f'c 37 MPa
l'c 950 mm dbS 10 mm
lb 3190 mm hc 390 mm dbT 6 mm
l'b 1400 mm wc 390 mm #legsS 2
hb 550 mm bj 390 mm #legsT 2
wb 300 mm SetsS 4
db5A 16 mm SetsT 4
db1 12 mm db5B 12 mm sS 86 mm
db2 12 mm #5A 2 sT 86 mm
#1 4 #5B 2 AshS 628 mm
2
#2 4 As5A 402 mm
2
AshT 226 mm
2
As1 452 mm
2
As5B 226 mm
2
Ashp 855 mm
2
As2 452 mm
2
As5 628 mm
2
SetseS 4
Astop 905 mm
2
fy5A 518 MPa SetseT 4
fy1 525 MPa fy5B 525 MPa Ashpe 855 mm
2
fy2 525 MPa fy5 521 MPa fyS 354 MPa
fytop 525 MPa fyT 352 MPa
fu1 656 MPa db6 12 mm Vshp 302 kN
fu2 656 MPa db7 12 mm Vshpe 302 kN
futop 656 MPa db8 0 mm fyh 353 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 12 mm
2
#7 2 αi
db4 12 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 684 636 kN
#4 4 As6 226 mm
2
vjho 4.50 4.18 MPa
As3 0 mm
2
As7 226 mm
2
6vjho/f'c 0.73 0.68 <0.85
As4 452 mm
2
As8 0 mm
2
vjho/f'c 0.12 0.11
Asbot 452 mm
2
As9 0 mm
2
As mm
2
fy3 525 MPa Asint 452 mm
2
Ajh 1416 1416 mm
2
fy4 525 MPa fy6 525 MPa Vjh 501 501 kN
fybot 525 MPa fy7 525 MPa Vjh/Vjho 0.73 0.79
fu3 656 MPa fy8 0 MPa Vshp/Vjho 0.44 0.48
fu4 656 MPa fy9 0 MPa Vshpe/Vjho 0.44 0.48
fubot 656 MPa fyint 525 MPa Ashp/Ajh 0.60 0.60
λ2bot 1.25 Fint 238 kN Ashpe/Ajh 0.60 0.60
Fint/Vjv 0.246 Ajh<0.85 1215 1129 mm
2
Ajh<0.85/Ajh 0.86 0.80
d1 30 mm αv
d2 62 mm d5 43 mm Ajv 856 856 mm
2
d3 488 mm d6 144 mm Ajvp/Ajv 0.53 0.53
d4 520 mm d7 246 mm
d1-2 46 mm d8 NA mm
d3-4 520 mm d9 NA mm
d10 347 mm
d'1 520 mm
d'2 488 mm N/Agf'c 0.100
d'3 62 mm N 563 kN
d'4 30 mm
d'1-2 504 mm
d'3-4 30 mm
JointColumn
Beam
Lin 2000
Unit 4
Positive Curvature
Negative Curvature
0.64
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.24
7.4
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
905
Appendix C: Bond Failures
C-44
Lin-Unit 4-2000
Mcol(yc) 201 kNm Max db 12.00 mm dbC mm
Mcol(fc) 228 kNm hc/db 32.50 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 238 238 297 NA kN #LegsD
T- 457 475 594 NA kN AVpC mm
2
Mb+ 116 126 158 137 kNm AVpD mm
2
Mb- 212 230 287 250 kNm sVC mm
Vb+ 83 90 113 98 kN sVD mm
Vb- 151 164 205 179 kN fytC MPa
Mcol 145 157 197 171 kNm fytD MPa
Mcol/Mcol(yc) 0.72 0.78 0.98 0.85 VspC/sVC kN/m
Vcol 153 165 207 180 kN Δmax 61 mm VspD/sVD kN/m
Vjh 542 547 684 636 kN Δy 15.6 mm Vsp/sV kN/m
Vshp/Vjh 0.56 0.55 0.44 0.48 Δy/lc 0.64 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.56 0.55 0.44 0.48 Max Crack NA mm Vb 205 179 kN
Vs
+
reqd 394 343 kN/m
Vs
-
reqd 407 354 kN/m
Vsreqd 407 354 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.09 1.25
3/4 Theoretical NA 13.0 0.0 6.09E-06 0.00E+00 0.8 0.8
Projected Yield NA 17.3 0.0 8.11E-06 0.00E+00 1.0 1.0
Max Shear 9 60.6 43.3 8.11E-06 8.12E-05 3.5 11.0 Comment Load Run
Failure/End 13 89.6 72.3 8.11E-06 1.36E-04 5.2 17.7 Yes 14
18.8
3/4 Theoretical NA -10.4 0 -6.09E-06 0.00E+00 0.8 0.8 2
Projected Yield NA -13.9 0.0 -8.11E-06 0.00E+00 1.0 1.0 None
Max Shear 10 -58.4 -44.5 -8.11E-06 -8.34E-05 4.2 11.3 2/4 9
Failure/End 14 -87.0 -73.1 -8.11E-06 -1.37E-04 6.3 17.9 Plastic Hinging
Upper & Lower 14
Projected Yield NA 15.6 0.0 8.11E-06 0.00E+00 1.0 1.0 None
Failure/End 13-14 88.3 72.7 8.11E-06 1.36E-04 5.7 17.8
Adjusted Failure 13-14 92.7 77.1 8.11E-06 1.45E-04 5.9 18.8
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
6
4
NA
NA
352
NA
90
NA
113.1
NA
Column Shear-Sway Data
Positive Deflection
8.93E-05
6.09E-06
8.11E-06
1.44E-04
1.53E-04
Averages
φ (mm
-1
)
-8.11E-06
-1.45E-04
8.11E-06
Failure Details
Bond Failure Location
Test Reached Failure
442
0
442
Joint Stirrups Yield
1.44E-04
-9.16E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-6.09E-06
Beam Failure Mode
Comments Loading Scenario
Grouted column bars around the joint zone.
Bond failure occurred around the upper and lower beam 
bars in load run 14, pinching the hysteretic behaviour.  
Crushing of the joint corners occurred after bond failure.
Failure due to beam deterioration from bond slip.
Appendix C: Bond Failures
C-45
Lin-Unit 4-2000
14
14
CommentsLoad Run
Lin 2000 Unit 4
Beam deterioration due to bond failure
Elastic loading
Bond slip of upper  and lower bars
1-4
Vcol(fb)
Vcol(yb)0.9Vcol(M)
Vcol(fb)
Vcol(yb)0.9Vcol(M)
Appendix C: Bond Failures
C-46
Ruitong-Unit 2-1987
Unit lc 2473 mm f'c 36.0 MPa
l'c 1008 mm dbS 12 mm
lb 4238 mm hc 406 mm dbT 12 mm
l'b 1916 mm wc 305 mm #legsS 2
hb 457 mm bj 305 mm #legsT 1.65
wb 229 mm SetsS 5
db5A 20 mm SetsT 5
db1 28 mm db5B 20 mm sS 80 mm
db2 0 mm #5A 2 sT 80 mm
#1 2 #5B 1 AshS 1131 mm
2
#2 0 As5A 628 mm
2
AshT 933 mm
2
As1 1232 mm
2
As5B 314 mm
2
Ashp 2064 mm
2
As2 0 mm
2
As5 942 mm
2
SetseS 4.46
Astop 1232 mm
2
fy5A 476 MPa SetseT 4.46
fy1 314 MPa fy5B 476 MPa Ashpe 1841 mm
2
fy2 0 MPa fy5 476 MPa fyS 283 MPa
fytop 314 MPa fyT 283 MPa
fu1 345 MPa db6 20 mm Vshp 584 kN
fu2 0 MPa db7 0 mm Vshpe 521 kN
futop 345 MPa db8 0 mm fyh 283 MPa
λ2top 1.10 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 0 αi
db4 20 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 521 569 kN
#4 2 As6 628 mm
2
vjho 4.21 4.60 MPa
As3 0 mm
2
As7 0 mm
2
6vjho/f'c 0.70 0.77 <0.85
As4 628 mm
2
As8 0 mm
2
vjho/f'c 0.12 0.13
Asbot 628 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 628 mm
2
Ajh 1626 1626 mm
2
fy4 300 MPa fy6 476 MPa Vjh 460 460 kN
fybot 300 MPa fy7 0 MPa Vjh/Vjho 0.88 0.81
fu3 0 MPa fy8 0 MPa Vshp/Vjho 1.12 1.03
fu4 330 MPa fy9 0 MPa Vshpe/Vjho 1.00 0.92
fubot 330 MPa fyint 476 MPa Ashp/Ajh 1.27 1.27
λ2bot 1.10 Fint 299 kN Ashpe/Ajh 1.13 1.13
Fint/Vjv 0.510 Ajh<0.85 1342 1466 mm
2
Ajh<0.85/Ajh 0.83 0.90
d1 48 mm αv
d2 NA mm d5 44 mm Ajv 762 762 mm
2
d3 NA mm d6 203 mm Ajvp/Ajv 0.82 0.82
d4 415 mm d7 NA mm
d1-2 48 mm d8 NA mm
d3-4 415 mm d9 NA mm
d10 362 mm
d'1 409 mm
d'2 NA mm N/Agf'c 0.000
d'3 NA mm N 0 kN
d'4 42 mm
d'1-2 409 mm
d'3-4 42 mm
JointColumnRuitong 1987
Unit 2
Beam
Positive Curvature
Negative Curvature
0.70
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.40
7.2
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
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Appendix C: Bond Failures
C-47
Ruitong-Unit 2-1987
Mcol(yc) 165 kNm Max db 28.00 mm dbC mm
Mcol(fc) 200 kNm hc/db 14.50 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 188 188 207 NA kN #LegsD
T- 387 387 425 NA kN AVpC mm
2
Mb+ 72 78 85 86 kNm AVpD mm
2
Mb- 140 149 164 164 kNm sVC mm
Vb+ 37 40 45 45 kN sVD mm
Vb- 73 78 85 86 kN fytC MPa
Mcol 95 102 112 113 kNm fytD MPa
Mcol/Mcol(yc) 0.58 0.62 0.68 0.68 VspC/sVC kN/m
Vcol 95 101 111 112 kN Δmax 78 mm VspD/sVD kN/m
Vjh 481 474 521 569 kN Δy 23.3 mm Vsp/sV kN/m
Vshp/Vjh 1.22 1.23 1.12 1.03 Δy/lc 0.94 % Theoretical (o) Measured (M)
Vshpe/Vjh 1.08 1.10 1.00 0.92 Max Crack 0.4 mm Vb 85 86 kN
Vs
+
reqd 206 207 kN/m
Vs
-
reqd 209 210 kN/m
Vsreqd 209 210 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.68 1.67
3/4 Theoretical NA 15.7 0.0 4.18E-06 0.00E+00 0.8 0.8
Projected Yield NA 20.9 0.0 5.58E-06 0.00E+00 1.0 1.0
Max Shear 11 78.1 57.2 5.58E-06 1.19E-04 3.7 22.3 Comment Load Run
Failure/End 15 97.9 77.0 5.58E-06 1.60E-04 4.7 29.7 Yes 16
29.8
3/4 Theoretical NA -19.3 0 -4.38E-06 0.00E+00 0.8 0.8 2
Projected Yield NA -25.7 0.0 -5.84E-06 0.00E+00 1.0 1.0 None
Max Shear 4 -39.2 -13.5 -5.84E-06 -2.81E-05 1.5 5.8 None
Failure/End 16 -100.4 -74.7 -5.84E-06 -1.55E-04 3.9 27.6 Plastic Hinging 3
Lower
Projected Yield NA 23.3 0.0 5.71E-06 0.00E+00 1.0 1.0 None
Failure/End 15-16 99.2 75.9 5.84E-06 1.58E-04 4.3 28.0
Adjusted Failure 15-16 104.1 80.8 5.84E-06 1.68E-04 4.5 29.8
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
7
NA
80
NA
364
77.0
NA
Column Shear-Sway Data
Positive Deflection
1.25E-04
4.18E-06
5.58E-06
1.64E-04
1.74E-04
Averages
φ (mm
-1
)
-5.84E-06
-1.61E-04
5.71E-06
Failure Details
Bond Failure Location
Test Reached Failure
350
0
350
Joint Stirrups Yield
1.66E-04
-3.39E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-4.38E-06
Beam Failure Mode
Comments Loading Scenario
Diamond joint stirrups reduce number of legs in plane of 
loading.
Bond failure of the beams contributing to pinching of the 
hysteresis and overall failure in load run 16
Gravity loading applied to the beams at 0.4l'b from the 
column centre.
Although the gravity loading shifted the plastic hinge away 
from the column face on one beam per cycle, the moments 
along the beam between the gravity loading and the 
column face were near constant.  Thus the plastic hinge 
moment is still experienced at the column face.
Appendix C: Bond Failures
C-48
Ruitong-Unit 2-1987
Ruitong 1987 Unit 2
CommentsLoad Run
19 Test end
Failure
Elastic range
Yield + crack initiation
1-2
3
16
15 Beam bar slip leading to pinching
Vcol(fb)
Vcol(yb) 0.9Vcol(M)
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Appendix C: Bond Failures
C-49
Ruitong-Unit 4-1987
Unit lc 2473 mm f'c 40.1 MPa
l'c 1008 mm dbS 10 mm
lb 4238 mm hc 406 mm dbT 6 mm
l'b 1916 mm wc 305 mm #legsS 2
hb 457 mm bj 305 mm #legsT 1.65
wb 229 mm SetsS 5
db5A 20 mm SetsT 5
db1 28 mm db5B 20 mm sS 80 mm
db2 0 mm #5A 2 sT 80 mm
#1 2 #5B 1 AshS 785 mm
2
#2 0 As5A 628 mm
2
AshT 233 mm
2
As1 1232 mm
2
As5B 314 mm
2
Ashp 1019 mm
2
As2 0 mm
2
As5 942 mm
2
SetseS 4.32
Astop 1232 mm
2
fy5A 476 MPa SetseT 4.32
fy1 314 MPa fy5B 476 MPa Ashpe 880 mm
2
fy2 0 MPa fy5 476 MPa fyS 320 MPa
fytop 314 MPa fyT 282 MPa
fu1 345 MPa db6 16 mm Vshp 317 kN
fu2 0 MPa db7 0 mm Vshpe 274 kN
futop 345 MPa db8 0 mm fyh 311 MPa
λ2top 1.10 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 0 αi
db4 20 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 517 529 kN
#4 2 As6 402 mm
2
vjho 4.18 4.27 MPa
As3 0 mm
2
As7 0 mm
2
6vjho/f'c 0.62 0.64 <0.85
As4 628 mm
2
As8 0 mm
2
vjho/f'c 0.10 0.11
Asbot 628 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 402 mm
2
Ajh 1478 1478 mm
2
fy4 294 MPa fy6 498 MPa Vjh 460 460 kN
fybot 294 MPa fy7 0 MPa Vjh/Vjho 0.89 0.87
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.61 0.60
fu4 323 MPa fy9 0 MPa Vshpe/Vjho 0.53 0.52
fubot 323 MPa fyint 498 MPa Ashp/Ajh 0.69 0.69
λ2bot 1.10 Fint 200 kN Ashpe/Ajh 0.60 0.60
Fint/Vjv 0.344 Ajh<0.85 1087 1112 mm
2
Ajh<0.85/Ajh 0.74 0.75
d1 48 mm αv
d2 NA mm d5 44 mm Ajv 728 728 mm
2
d3 NA mm d6 203 mm Ajvp/Ajv 0.55 0.55
d4 415 mm d7 NA mm
d1-2 48 mm d8 NA mm
d3-4 415 mm d9 NA mm
d10 362 mm
d'1 409 mm
d'2 NA mm N/Agf'c 0.000
d'3 NA mm N 0 kN
d'4 42 mm
d'1-2 409 mm
d'3-4 42 mm
JointColumnRuitong 1987
Unit 4
Beam
Positive Curvature
Negative Curvature
0.70
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.40
8.02
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1232
Appendix C: Bond Failures
C-50
Ruitong-Unit 4-1987
Mcol(yc) 159 kNm Max db 28.00 mm dbC mm
Mcol(fc) 186 kNm hc/db 14.50 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 185 185 203 NA kN #LegsD
T- 387 387 425 NA kN AVpC mm
2
Mb+ 70 77 85 79 kNm AVpD mm
2
Mb- 140 150 165 153 kNm sVC mm
Vb+ 37 40 44 41 kN sVD mm
Vb- 73 78 86 80 kN fytC MPa
Mcol 95 102 112 105 kNm fytD MPa
Mcol/Mcol(yc) 0.60 0.64 0.71 0.66 VspC/sVC kN/m
Vcol 94 101 111 104 kN Δmax 74 mm VspD/sVD kN/m
Vjh 477 470 517 529 kN Δy 18.9 mm Vsp/sV kN/m
Vshp/Vjh 0.66 0.67 0.61 0.60 Δy/lc 0.76 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.57 0.58 0.53 0.52 Max Crack 1.1 mm Vb 86 80 kN
Vs
+
reqd 207 193 kN/m
Vs
-
reqd 210 196 kN/m
Vsreqd 210 196 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.67 1.79
3/4 Theoretical NA 15.0 0.0 4.10E-06 0.00E+00 0.8 0.8
Projected Yield NA 20.0 0.0 5.47E-06 0.00E+00 1.0 1.0
Max Shear 11 74.1 54.1 5.47E-06 1.13E-04 3.7 21.6 Comment Load Run
Failure/End 17 93.7 73.7 5.47E-06 1.53E-04 4.7 29.1 Yes 17
30.7
3/4 Theoretical NA -13.3 0 -4.38E-06 0.00E+00 0.8 0.8 3
Projected Yield NA -17.7 0.0 -5.84E-06 0.00E+00 1.0 1.0 None
Max Shear 12 -72.8 -55.1 -5.84E-06 -1.15E-04 4.1 20.6 3/5 10
Failure/End 16 -91.5 -73.8 -5.84E-06 -1.54E-04 5.2 27.3 Hinging
Upper 17
Projected Yield NA 18.9 0.0 5.65E-06 0.00E+00 1.0 1.0 Shear 17
Failure/End 16-17 92.6 73.7 5.84E-06 1.53E-04 4.9 27.3
Adjusted Failure 16-17 102.1 83.2 5.84E-06 1.73E-04 5.4 30.7
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
7
NA
80
NA
364
77.0
NA
Column Shear-Sway Data
Positive Deflection
1.18E-04
4.10E-06
5.47E-06
1.59E-04
1.79E-04
Averages
φ (mm
-1
)
-5.84E-06
-1.59E-04
5.65E-06
Failure Details
Bond Failure Location
Test Reached Failure
350
0
350
Joint Stirrups Yield
1.59E-04
-1.20E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-4.38E-06
Beam Failure Mode
Comments Loading Scenario
Diamond joint stirrups reduce number of legs in plane of 
loading.
Bond slip is responsible for the pinching of the hysteresis.  
The reduction in stiffness is a combination of bond slip and 
joint expansion with yielding of the stirrups.
Gravity loading applied to the beams at 0.4l'b from the 
column centre.
Although the gravity loading shifted the plastic hinge away 
from the column face on one beam per cycle, the moments 
along the beam between the gravity loading and the 
column face were near constant.  Thus the plastic hinge 
moment is still experienced at the column face.
Appendix C: Bond Failures
C-51
Ruitong-Unit 4-1987
17 Failure due to bond slip
Pinching due to beam bar slip
Ruitong 1987 Unit 4
Comments
Elastic range
Yield + crack initiation
Load Run
1-2
3
15
10 Yielding of joint stirrups
Vcol(yb)0.9Vcol(M)
0.9Vcol(M)
Vcol(fb)
Vcol(yb)
Vcol(fb)
Appendix C: Bond Failures
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Xin-Unit 2-1992
Unit lc 2470 mm f'c 40.8 MPa
l'c 985 mm dbS 10 mm
lb 3500 mm hc 450 mm dbT 6 mm
l'b 1525 mm wc 300 mm #legsS 2
hb 500 mm bj 300 mm #legsT 1.72
wb 250 mm SetsS 5
db5A 24 mm SetsT 5
db1 16 mm db5B 16 mm sS 70 mm
db2 0 mm #5A 2 sT 70 mm
#1 4 #5B 1 AshS 785 mm
2
#2 0 As5A 905 mm
2
AshT 243 mm
2
As1 804 mm
2
As5B 201 mm
2
Ashp 1029 mm
2
As2 0 mm
2
As5 1106 mm
2
SetseS 4.75
Astop 804 mm
2
fy5A 461 MPa SetseT 4.75
fy1 445 MPa fy5B 445 MPa Ashpe 977 mm
2
fy2 445 MPa fy5 458 MPa fyS 348 MPa
fytop 445 MPa fyT 356 MPa
fu1 556 MPa db6 16 mm Vshp 360 kN
fu2 556 MPa db7 0 mm Vshpe 342 kN
futop 556 MPa db8 0 mm fyh 350 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 0 αi
db4 16 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 534 543 kN
#4 2 As6 402 mm
2
vjho 3.95 4.02 MPa
As3 0 mm
2
As7 0 mm
2
6vjho/f'c 0.58 0.59 <0.85
As4 402 mm
2
As8 0 mm
2
vjho/f'c 0.10 0.10
Asbot 402 mm
2
As9 0 mm
2
As mm
2
fy3 445 MPa Asint 402 mm
2
Ajh 1217 1217 mm
2
fy4 445 MPa fy6 445 MPa Vjh 426 426 kN
fybot 445 MPa fy7 0 MPa Vjh/Vjho 0.80 0.78
fu3 556 MPa fy8 0 MPa Vshp/Vjho 0.67 0.66
fu4 556 MPa fy9 0 MPa Vshpe/Vjho 0.64 0.63
fubot 556 MPa fyint 445 MPa Ashp/Ajh 0.85 0.85
λ2bot 1.25 Fint 179 kN Ashpe/Ajh 0.80 0.80
Fint/Vjv 0.302 Ajh<0.85 832 847 mm
2
Ajh<0.85/Ajh 0.68 0.70
d1 50 mm αv
d2 NA mm d5 55 mm Ajv 744 744 mm
2
d3 NA mm d6 225 mm Ajvp/Ajv 0.54 0.54
d4 450 mm d7 NA mm
d1-2 50 mm d8 NA mm
d3-4 450 mm d9 NA mm
d10 395 mm
d'1 450 mm
d'2 NA mm N/Agf'c 0.000
d'3 NA mm N 0 kN
d'4 50 mm
d'1-2 450 mm
d'3-4 50 mm
JointColumnXin 1992
Unit 2
Beam
Positive Curvature
Negative Curvature
0.70
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.40
8.16
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
804
Appendix C: Bond Failures
C-53
Xin-Unit 2-1992
Mcol(yc) 193 kNm Max db 16.00 mm dbC mm
Mcol(fc) 220 kNm hc/db 28.13 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 179 179 224 NA kN #LegsD
T- 358 358 447 NA kN AVpC mm
2
Mb+ 75 82 103 93 kNm AVpD mm
2
Mb- 146 155 193 174 kNm sVC mm
Vb+ 49 54 67 61 kN sVD mm
Vb- 96 101 127 114 kN fytC MPa
Mcol 101 108 135 122 kNm fytD MPa
Mcol/Mcol(yc) 0.53 0.56 0.70 0.63 VspC/sVC kN/m
Vcol 103 110 137 124 kN Δmax 58 mm VspD/sVD kN/m
Vjh 434 427 534 543 kN Δy 16.3 mm Vsp/sV kN/m
Vshp/Vjh 0.83 0.84 0.67 0.66 Δy/lc 0.66 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.79 0.80 0.64 0.63 Max Crack NA mm Vb 127 114 kN
Vs
+
reqd 282 254 kN/m
Vs
-
reqd 282 254 kN/m
Vsreqd 282 254 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 2.16 2.39
3/4 Theoretical NA 13.0 0.0 5.67E-06 0.00E+00 0.8 0.8
Projected Yield NA 17.3 0.0 7.57E-06 0.00E+00 1.0 1.0
Max Shear 7 57.2 39.9 7.57E-06 8.08E-05 3.3 11.7 Comment Load Run
Failure/End 17 115.7 98.4 7.57E-06 1.99E-04 6.7 27.3 Yes 17
31.6
3/4 Theoretical NA -11.5 0 -5.67E-06 0.00E+00 0.8 0.8 3
Projected Yield NA -15.3 0.0 -7.57E-06 0.00E+00 1.0 1.0 NA
Max Shear 8 -57.5 -42.2 -7.57E-06 -8.54E-05 3.8 12.3 None
Failure/End 16 -121.0 -105.7 -7.57E-06 -2.14E-04 7.9 29.3 Hinging 3
Top and Bottom 15,8
Projected Yield NA 16.3 0.0 7.57E-06 0.00E+00 1.0 1.0 None
Failure/End 16-17 118.4 102.1 7.57E-06 2.07E-04 7.3 28.3
Adjusted Failure 16-17 130.5 114.2 7.57E-06 2.31E-04 8.0 31.6
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
10
2
NA
NA
90
NA
348
157.1
NA
Column Shear-Sway Data
Positive Deflection
8.83E-05
5.67E-06
7.57E-06
2.14E-04
2.39E-04
Averages
φ (mm
-1
)
-7.57E-06
-2.22E-04
7.57E-06
Failure Details
Bond Failure Location
Test Reached Failure
607
0
607
Joint Stirrups Yield
2.07E-04
-9.30E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-5.67E-06
Beam Failure Mode
Comments Loading Scenario
Bar slip in load run 8 for the bottom bars and 15 for the top 
bars resulting in significant pinching.
Joint failure not observed.
Appendix C: Bond Failures
C-54
Xin-U2-1992
Xin 1992 Unit 2
CommentsLoad Run
Bar slip in top bars
Test end
Elastic range
15
18
Yield + crack initiation
Bar slip in bottom bars
1-2
3
8
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Appendix C: Bond Failures
C-55
Xin-Unit 3-1992
Unit lc 2470 mm f'c 42.5 MPa
l'c 985 mm dbS 10 mm
lb 3500 mm hc 450 mm dbT 10 mm
l'b 1525 mm wc 300 mm #legsS 2
hb 500 mm bj 300 mm #legsT 1.72
wb 250 mm SetsS 5
db5A 32 mm SetsT 5
db1 16 mm db5B 20 mm sS 70 mm
db2 0 mm #5A 2 sT 70 mm
#1 4 #5B 1 AshS 785 mm
2
#2 0 As5A 1608 mm
2
AshT 675 mm
2
As1 804 mm
2
As5B 314 mm
2
Ashp 1461 mm
2
As2 0 mm
2
As5 1923 mm
2
SetseS 4.75
Astop 804 mm
2
fy5A 447 MPa SetseT 4.75
fy1 445 MPa fy5B 492 MPa Ashpe 1388 mm
2
fy2 0 MPa fy5 454 MPa fyS 348 MPa
fytop 445 MPa fyT 348 MPa
fu1 556 MPa db6 20 mm Vshp 508 kN
fu2 0 MPa db7 0 mm Vshpe 483 kN
futop 556 MPa db8 0 mm fyh 348 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 0 αi
db4 16 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 715 737 kN
#4 4 As6 628 mm
2
vjho 5.29 5.46 MPa
As3 0 mm
2
As7 0 mm
2
6vjho/f'c 0.75 0.77 <0.85
As4 804 mm
2
As8 0 mm
2
vjho/f'c 0.12 0.13
Asbot 804 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 628 mm
2
Ajh 1224 1224 mm
2
fy4 445 MPa fy6 492 MPa Vjh 426 426 kN
fybot 445 MPa fy7 0 MPa Vjh/Vjho 0.60 0.58
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.71 0.69
fu4 556 MPa fy9 0 MPa Vshpe/Vjho 0.68 0.66
fubot 556 MPa fyint 492 MPa Ashp/Ajh 1.19 1.19
λ2bot 1.25 Fint 309 kN Ashpe/Ajh 1.13 1.13
Fint/Vjv 0.389 Ajh<0.85 1076 1110 mm
2
Ajh<0.85/Ajh 0.88 0.91
d1 50 mm αv
d2 NA mm d5 55 mm Ajv 673 673 mm
2
d3 NA mm d6 225 mm Ajvp/Ajv 0.93 0.93
d4 450 mm d7 NA mm
d1-2 50 mm d8 NA mm
d3-4 450 mm d9 NA mm
d10 395 mm
d'1 450 mm
d'2 NA mm N/Agf'c 0.000
d'3 NA mm N 0 kN
d'4 50 mm
d'1-2 450 mm
d'3-4 50 mm
JointColumnXin 1992
Unit 3
Beam
Positive Curvature
Negative Curvature
0.70
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.40
8.5
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
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C-56
Xin-Unit 3-1992
Mcol(yc) 321 kNm Max db 16.00 mm dbC mm
Mcol(fc) 367 kNm hc/db 28.13 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 358 358 447 NA kN #LegsD
T- 358 358 447 NA kN AVpC mm
2
Mb+ 148 155 194 181 kNm AVpD mm
2
Mb- 148 155 194 181 kNm sVC mm
Vb+ 97 102 127 119 kN sVD mm
Vb- 97 102 127 119 kN fytC MPa
Mcol 135 142 177 166 kNm fytD MPa
Mcol/Mcol(yc) 0.42 0.44 0.55 0.52 VspC/sVC kN/m
Vcol 137 144 180 168 kN Δmax 100 mm VspD/sVD kN/m
Vjh 579 572 715 737 kN Δy 18.5 mm Vsp/sV kN/m
Vshp/Vjh 0.88 0.89 0.71 0.69 Δy/lc 0.75 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.83 0.84 0.68 0.66 Max Crack NA mm Vb 127 119 kN
Vs
+
reqd 282 264 kN/m
Vs
-
reqd 282 264 kN/m
Vsreqd 282 264 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 2.15 2.30
3/4 Theoretical NA 13.9 0.0 5.67E-06 0.00E+00 0.8 0.8
Projected Yield NA 18.5 0.0 7.57E-06 0.00E+00 1.0 1.0
Max Shear 11 99.4 80.9 7.57E-06 1.64E-04 5.4 22.6 Comment Load Run
Failure/End 13 99.4 80.9 7.57E-06 1.64E-04 5.4 22.6 Yes 13
25.4
3/4 Theoretical NA -13.9 0 -5.67E-06 0.00E+00 0.8 0.8 3
Projected Yield NA -18.5 0.0 -7.57E-06 0.00E+00 1.0 1.0 NA
Max Shear 12 -99.7 -81.2 -7.57E-06 -1.64E-04 5.4 22.7 5/5 10
Failure/End 12 -99.7 -81.2 -7.57E-06 -1.64E-04 5.4 22.7 Hinging 3
Upper & Lower 11
Projected Yield NA 18.5 0.0 7.57E-06 0.00E+00 1.0 1.0 None
Failure/End 12-13 99.6 81.1 7.57E-06 1.64E-04 5.4 22.7
Adjusted Failure 12-13 109.8 91.3 7.57E-06 1.85E-04 5.9 25.4
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
10
NA
90
NA
348
157.1
NA
Column Shear-Sway Data
Positive Deflection
1.71E-04
5.67E-06
7.57E-06
1.72E-04
1.92E-04
Averages
φ (mm
-1
)
-7.57E-06
-1.72E-04
7.57E-06
Failure Details
Bond Failure Location
Test Reached Failure
607
0
607
Joint Stirrups Yield
1.71E-04
-1.72E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-5.67E-06
Beam Failure Mode
Comments Loading Scenario
Considerable hysteresis pinching due to top bar slip 
through joint at load cycle 11.
All rectangular stirrups yielded by  load run 10.  Only the 
central diamond tie yielded in load run 12.
Appendix C: Bond Failures
C-57
Xin-Unit 3-1992
Xin 1992 Unit 3
CommentsLoad Run
13 Failure due to bond slip
Significant pinching due to bar slip
Elastic range
Yield + crack initiation
1-2
3
11-13
11 Start of bar slip through joint
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Appendix C: Bond Failures
C-58
Xin-Unit 4-1992
Unit lc 2470 mm f'c 47.2 MPa
l'c 985 mm dbS 10 mm
lb 3500 mm hc 450 mm dbT 10 mm
l'b 1525 mm wc 300 mm #legsS 2
hb 500 mm bj 300 mm #legsT 1.72
wb 250 mm SetsS 4
db5A 28 mm SetsT 4
db1 20 mm db5B 20 mm sS 85 mm
db2 0 mm #5A 2 sT 85 mm
#1 2 #5B 1 AshS 628 mm
2
#2 0 As5A 1232 mm
2
AshT 540 mm
2
As1 628 mm
2
As5B 314 mm
2
Ashp 1169 mm
2
As2 0 mm
2
As5 1546 mm
2
SetseS 3.91
Astop 628 mm
2
fy5A 463 MPa SetseT 3.91
fy1 492 MPa fy5B 492 MPa Ashpe 1142 mm
2
fy2 0 MPa fy5 469 MPa fyS 348 MPa
fytop 492 MPa fyT 348 MPa
fu1 615 MPa db6 16 mm Vshp 407 kN
fu2 0 MPa db7 0 mm Vshpe 398 kN
futop 615 MPa db8 0 mm fyh 348 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 0 αi
db4 16 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 483 515 kN
#4 2 As6 402 mm
2
vjho 3.58 3.82 MPa
As3 0 mm
2
As7 0 mm
2
6vjho/f'c 0.45 0.49 <0.85
As4 402 mm
2
As8 0 mm
2
vjho/f'c 0.08 0.08
Asbot 402 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 402 mm
2
Ajh 1057 1057 mm
2
fy4 445 MPa fy6 445 MPa Vjh 368 368 kN
fybot 445 MPa fy7 0 MPa Vjh/Vjho 0.76 0.71
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.84 0.79
fu4 556 MPa fy9 0 MPa Vshpe/Vjho 0.82 0.77
fubot 556 MPa fyint 445 MPa Ashp/Ajh 1.11 1.11
λ2bot 1.25 Fint 179 kN Ashpe/Ajh 1.08 1.08
Fint/Vjv 0.333 Ajh<0.85 566 603 mm
2
Ajh<0.85/Ajh 0.54 0.57
d1 50 mm αv
d2 NA mm d5 55 mm Ajv 643 643 mm
2
d3 NA mm d6 225 mm Ajvp/Ajv 0.63 0.63
d4 450 mm d7 NA mm
d1-2 50 mm d8 NA mm
d3-4 450 mm d9 NA mm
d10 395 mm
d'1 450 mm
d'2 NA mm N/Agf'c 0.000
d'3 NA mm N 0 kN
d'4 50 mm
d'1-2 450 mm
d'3-4 50 mm
JointColumnXin 1992
Unit 4
Beam
Positive Curvature
Negative Curvature
0.70
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.40
9.44
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
628
Appendix C: Bond Failures
C-59
Xin-Unit 4-1992
Mcol(yc) 268 kNm Max db 20.00 mm dbC mm
Mcol(fc) 297 kNm hc/db 22.50 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 179 179 224 NA kN #LegsD
T- 309 309 386 NA kN AVpC mm
2
Mb+ 75 83 104 96 kNm AVpD mm
2
Mb- 128 136 170 157 kNm sVC mm
Vb+ 50 54 68 63 kN sVD mm
Vb- 84 89 111 103 kN fytC MPa
Mcol 93 100 125 116 kNm fytD MPa
Mcol/Mcol(yc) 0.35 0.37 0.47 0.43 VspC/sVC kN/m
Vcol 95 102 127 118 kN Δmax 112 mm VspD/sVD kN/m
Vjh 393 386 483 515 kN Δy 16.3 mm Vsp/sV kN/m
Vshp/Vjh 1.03 1.05 0.84 0.79 Δy/lc 0.66 % Theoretical (o) Measured (M)
Vshpe/Vjh 1.01 1.03 0.82 0.77 Max Crack NA mm Vb 111 103 kN
Vs
+
reqd 247 229 kN/m
Vs
-
reqd 247 229 kN/m
Vsreqd 247 229 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 2.45 2.65
3/4 Theoretical NA 12.8 0.0 5.67E-06 0.00E+00 0.8 0.8
Projected Yield NA 17.1 0.0 7.57E-06 0.00E+00 1.0 1.0
Max Shear 15 112.4 95.3 7.57E-06 1.93E-04 6.6 26.5 Comment Load Run
Failure/End 15 112.4 95.3 7.57E-06 1.93E-04 6.6 26.5 Yes 16
25.8
3/4 Theoretical NA -11.6 0 -6.27E-06 0.00E+00 0.8 0.8 2
Projected Yield NA -15.4 0.0 -8.36E-06 0.00E+00 1.0 1.0 NA
Max Shear 12 -85.5 -70.1 -8.36E-06 -1.42E-04 5.6 18.0 1/5 9
Failure/End 16 -114.1 -98.7 -8.36E-06 -2.00E-04 7.4 24.9 Plastic Hinging 3
Top & Bottom 14,8
Projected Yield NA 16.3 0.0 7.96E-06 0.00E+00 1.0 1.0 None
Failure/End 15-16 113.3 97.0 8.36E-06 1.96E-04 7.0 24.5
Adjusted Failure 15-16 118.9 102.7 8.36E-06 2.08E-04 7.3 25.8
Load Run θ Load Run θ
Joint Stirrups Yield-1.50E-04
Joint Failure Mode
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
607
0
607
# Times Reached Maximum Ductility
Column Bar Yield
Adjusted Maximum Curvature
2.05E-04
2.16E-04
Averages
φ (mm
-1
)
-8.36E-06
-2.08E-04
7.96E-06
2.00E-04
Negative Deflection
-6.27E-06
Column Shear-Sway Data
Positive Deflection
2.00E-04
5.67E-06
7.57E-06
NA
348
157.1
NA
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
10
2
NA
NA
90
Bar slip began on the bottom bars at load run 8 and in the top 
bars at load run 14.  Pinching as a result of this slippage.
Only the second rectangular stirrup from the top of the joint 
yielded in load run 9 and the diamond tie at the same level 
yielded at load run 11.
Appendix C: Bond Failures
C-60
Xin-Unit 4-1992
Xin 1992 Unit 4
CommentsLoad Run
Top bars slip resulting in significant pinching
Test end
Elastic range
14
16
Yield + crack initiation
Bottom bars slip
1-2
3
8
Vcol(fb)Vcol(yb)
0.9Vcol(M)
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Appendix C: Bond Failures
C-61
Xin-Unit 6-1992
Unit lc 2470 mm f'c 59.3 MPa
l'c 985 mm dbS 12 mm
lb 3500 mm hc 450 mm dbT 6 mm
l'b 1525 mm wc 300 mm #legsS 2
hb 500 mm bj 300 mm #legsT 1.72
wb 250 mm SetsS 6
db5A 32 mm SetsT 6
db1 28 mm db5B 20 mm sS 56 mm
db2 0 mm #5A 2 sT 56 mm
#1 2 #5B 1 AshS 1357 mm
2
#2 0 As5A 1608 mm
2
AshT 292 mm
2
As1 1232 mm
2
As5B 314 mm
2
Ashp 1649 mm
2
As2 0 mm
2
As5 1923 mm
2
SetseS 5.75
Astop 1232 mm
2
fy5A 447 MPa SetseT 5.75
fy1 463 MPa fy5B 492 MPa Ashpe 1580 mm
2
fy2 0 MPa fy5 454 MPa fyS 327 MPa
fytop 463 MPa fyT 356 MPa
fu1 579 MPa db6 20 mm Vshp 548 kN
fu2 0 MPa db7 0 mm Vshpe 525 kN
futop 579 MPa db8 0 mm fyh 332 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 0 αi
db4 20 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 877 932 kN
#4 2 As6 628 mm
2
vjho 6.49 6.91 MPa
As3 0 mm
2
As7 0 mm
2
6vjho/f'c 0.66 0.70 <0.85
As4 628 mm
2
As8 0 mm
2
vjho/f'c 0.11 0.12
Asbot 628 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 628 mm
2
Ajh 2043 2043 mm
2
fy4 492 MPa fy6 492 MPa Vjh 679 679 kN
fybot 492 MPa fy7 0 MPa Vjh/Vjho 0.77 0.73
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.62 0.59
fu4 615 MPa fy9 0 MPa Vshpe/Vjho 0.60 0.56
fubot 615 MPa fyint 492 MPa Ashp/Ajh 0.81 0.81
λ2bot 1.25 Fint 309 kN Ashpe/Ajh 0.77 0.77
Fint/Vjv 0.317 Ajh<0.85 1579 1679 mm
2
Ajh<0.85/Ajh 0.77 0.82
d1 50 mm αv
d2 NA mm d5 55 mm Ajv 1073 1073 mm
2
d3 NA mm d6 225 mm Ajvp/Ajv 0.59 0.59
d4 450 mm d7 NA mm
d1-2 50 mm d8 NA mm
d3-4 450 mm d9 NA mm
d10 395 mm
d'1 450 mm
d'2 NA mm N/Agf'c 0.000
d'3 NA mm N 0 kN
d'4 50 mm
d'1-2 450 mm
d'3-4 50 mm
JointColumnXin 1992
Unit 6
Beam
Positive Curvature
Negative Curvature
0.70
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.40
11.86
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1232
Appendix C: Bond Failures
C-62
Xin-Unit 6-1992
Mcol(yc) 325 kNm Max db 28.00 mm dbC mm
Mcol(fc) 374 kNm hc/db 16.07 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 309 309 386 NA kN #LegsD
T- 570 570 713 NA kN AVpC mm
2
Mb+ 129 139 173 166 kNm AVpD mm
2
Mb- 231 245 306 292 kNm sVC mm
Vb+ 85 91 114 109 kN sVD mm
Vb- 152 160 200 192 kN fytC MPa
Mcol 165 175 219 210 kNm fytD MPa
Mcol/Mcol(yc) 0.51 0.54 0.67 0.65 VspC/sVC kN/m
Vcol 167 178 223 213 kN Δmax 97 mm VspD/sVD kN/m
Vjh 712 701 877 932 kN Δy 17.0 mm Vsp/sV kN/m
Vshp/Vjh 0.77 0.78 0.62 0.59 Δy/lc 0.69 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.74 0.75 0.60 0.56 Max Crack NA mm Vb 200 192 kN
Vs
+
reqd 446 426 kN/m
Vs
-
reqd 446 426 kN/m
Vsreqd 446 426 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.36 1.43
3/4 Theoretical NA 12.1 0.0 6.27E-06 0.00E+00 0.8 0.8
Projected Yield NA 16.1 0.0 8.36E-06 0.00E+00 1.0 1.0
Max Shear 11 96.6 80.5 8.36E-06 1.63E-04 6.0 20.5 Comment Load Run
Failure/End 13 96.6 80.5 8.36E-06 1.63E-04 6.0 20.5 Yes 13
24.2
3/4 Theoretical NA -13.4 0 -5.90E-06 0.00E+00 0.8 0.8 3
Projected Yield NA -17.8 0.0 -7.87E-06 0.00E+00 1.0 1.0 NA
Max Shear 8 -64.6 -46.8 -7.87E-06 -9.47E-05 3.6 13.0 2/6 10
Failure/End 12 -97.6 -79.8 -7.87E-06 -1.62E-04 5.5 21.5 Plastic Hinging 3
Lower 11
Projected Yield NA 17.0 0.0 8.12E-06 0.00E+00 1.0 1.0 None
Failure/End 12-13 97.1 80.2 7.87E-06 1.62E-04 5.7 21.6
Adjusted Failure 12-13 107.1 90.1 7.87E-06 1.82E-04 6.3 24.2
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
10
NA
90
NA
348
157.1
NA
Column Shear-Sway Data
Positive Deflection
1.71E-04
6.27E-06
8.36E-06
1.70E-04
1.90E-04
Averages
φ (mm
-1
)
-7.87E-06
-1.69E-04
8.12E-06
Failure Details
Bond Failure Location
Test Reached Failure
607
0
607
Joint Stirrups Yield
1.71E-04
-1.03E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-5.90E-06
Beam Failure Mode
Comments Loading Scenario
Bottom beam bar slip at load run 11 .  This led to the 
majority of the pinching of the hysteresis.
Failure due to degradation of beams with slipping of bars.
Appendix C: Bond Failures
C-63
Xin-U6-1992
CommentsLoad Run
Xin 1992 Unit 6
9 Slip of bottom beam bars in joint
18 Test end
Slip of top beam bars in joint12
Elastic range
Yield + crack initiation
1-2
3
13 Failure with beam degradation
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Appendix C: Bond Failures
C-64
Birss-B1-1978
Unit lc 3430 mm f'c 27.9 MPa
l'c 1410 mm dbS 12.7 mm
lb 4877 mm hc 457 mm dbT 12.7 mm
l'b 2210 mm wc 457 mm #legsS 2
hb 610 mm bj 457 mm #legsT 2
wb 356 mm SetsS 4
db5A 24 mm SetsT 4
db1 20 mm db5B 24 mm sS 120 mm
db2 20 mm #5A 2 sT 120 mm
#1 4 #5B 2 AshS 1013 mm
2
#2 4 As5A 905 mm
2
AshT 1013 mm
2
As1 1257 mm
2
As5B 905 mm
2
Ashp 2027 mm
2
As2 1257 mm
2
As5 1810 mm
2
SetseS 3.41
Astop 2513 mm
2
fy5A 427 MPa SetseT 3.41
fy1 288 MPa fy5B 427 MPa Ashpe 1728 mm
2
fy2 288 MPa fy5 427 MPa fyS 346 MPa
fytop 288 MPa fyT 346 MPa
fu1 317 MPa db6 24 mm Vshp 700 kN
fu2 317 MPa db7 24 mm Vshpe 597 kN
futop 317 MPa db8 0 mm fyh 346 MPa
λ2top 1.10 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 20 mm
2
#7 2 αi
db4 20 mm
2
#8 0 0.2f'c MPa
#3 4 #9 0 Vjho 1327 1205 kN
#4 4 As6 905 mm
2
vjho 6.36 5.77 MPa
As3 1257 mm
2
As7 905 mm
2
6vjho/f'c 1.37 1.24 >0.85
As4 1257 mm
2
As8 0 mm
2
vjho/f'c 0.23 0.21
Asbot 2513 mm
2
As9 0 mm
2
As mm
2
fy3 288 MPa Asint 1810 mm
2
Ajh 3767 3421 mm
2
fy4 288 MPa fy6 427 MPa Vjh 1301 1182 kN
fybot 288 MPa fy7 427 MPa Vjh/Vjho 0.98 0.98
fu3 317 MPa fy8 0 MPa Vshp/Vjho 0.53 0.58
fu4 317 MPa fy9 0 MPa Vshpe/Vjho 0.45 0.50
fubot 317 MPa fyint 427 MPa Ashp/Ajh 0.54 0.59
λ2bot 1.10 Fint 773 kN Ashpe/Ajh 0.46 0.51
Fint/Vjv 0.437 Ajh<0.85 3767 3421 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 45 mm αv
d2 90 mm d5 47 mm Ajv 2702 2454 mm
2
d3 520 mm d6 150 mm Ajvp/Ajv 0.67 0.74
d4 565 mm d7 307 mm
d1-2 67.5 mm d8 NA mm
d3-4 542.5 mm d9 NA mm
d10 410 mm
d'1 565 mm
d'2 520 mm N/Agf'c 0.053
d'3 90 mm N 309 kN
d'4 45 mm
d'1-2 542.5 mm
d'3-4 67.5 mm
JointColumn
Beam
Birss 1978
B1
Positive Curvature
Negative Curvature
0.66
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.32
5.58
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
2513
Appendix C: Beam & Joint Failures
C-65
Birss-B1-1978
Mcol(yc) 392 kNm Max db 20.00 mm dbC mm
Mcol(fc) 462 kNm hc/db 22.85 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 683 724 796 NA kN #LegsD
T- 683 724 796 NA kN AVpC mm
2
Mb+ 332 375 413 335 kNm AVpD mm
2
Mb- 332 375 413 340 kNm sVC mm
Vb+ 150 170 187 152 kN sVD mm
Vb- 150 170 187 154 kN fytC MPa
Mcol 301 341 375 307 kNm fytD MPa
Mcol/Mcol(yc) 0.77 0.87 0.96 0.78 VspC/sVC kN/m
Vcol 213 242 266 217 kN Δmax 63 mm VspD/sVD kN/m
Vjh 1153 1207 1327 1205 kN Δy 28.7 mm Vsp/sV kN/m
Vshp/Vjh 0.61 0.58 0.53 0.58 Δy/lc 0.84 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.52 0.49 0.45 0.50 Max Crack Spalling mm Vb 187 154 kN
Vs
+
reqd 344 284 kN/m
Vs
-
reqd 344 284 kN/m
Vsreqd 344 284 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 2.04 2.48
3/4 Theoretical NA 22.5 0.0 3.01E-06 0.00E+00 0.8 0.8
Projected Yield NA 30.0 0.0 4.01E-06 0.00E+00 1.0 1.0
Max Shear 13 60.5 30.5 4.01E-06 3.45E-05 2.0 9.6 Comment Load Run
Failure/End 15 113.7 83.7 4.01E-06 9.48E-05 3.8 24.6 Yes 15
25.4
3/4 Theoretical NA -29.5 0 -4.32E-06 0.00E+00 1.1 1.1 1
Projected Yield NA -27.4 0.0 -4.01E-06 0.00E+00 1.0 1.0 None
Max Shear 12 -62.5 -35.1 -4.01E-06 -3.98E-05 2.3 10.9 4/4 14
Failure/End 14 -116.3 -89.0 -4.01E-06 -1.01E-04 4.2 26.1 Hinging 13
Possible 15
Projected Yield NA 28.7 0.0 4.01E-06 0.00E+00 1.0 1.0 Shear 15
Failure/End 14-15 115.0 86.3 4.01E-06 9.78E-05 4.0 25.4
Adjusted Failure 14-15 115.0 86.3 4.01E-06 9.78E-05 4.0 25.4
Load Run θ Load Run θ
132.7
132.7
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
4
4
6.5
150
398
398
150
Shear Reinforcement in Beam Ductile Region
6.5
Column Shear-Sway Data
Positive Deflection
3.85E-05
3.01E-06
4.01E-06
1.02E-04
1.02E-04
Averages
φ (mm
-1
)
-4.01E-06
-1.05E-04
4.01E-06
Failure Details
Bond Failure Location
Test Reached Failure
352
352
704
Joint Stirrups Yield
9.89E-05
-4.38E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-4.32E-06
Beam Failure Mode
Comments Loading Scenario
As the beams yielded and the joint shear did not reach the 
theoretical maximum the failure shall be defined as the 
inability to meet 90% of the maximum measured  shear 
strength.
The outer stirrups only just reached yield at failure in cycle 
15.  The stirrups near mid depth of the joint reached in 
excess of 5 times  the yield strain.  This shows the middle 
stirrups are more effective at confining the joint core.
Appendix C: Beam & Joint Failures
C-66
Birss-B1-1978
CommentsLoad Run
Birss 1978 B1
Test end
Elastic cycles
Beam yield
1-11
12
17
15 Joint shear/bond failure of joint
Vcol(yb)
Vcol(fb)
Vcol(yb)
Vcol(fb)
Vcol(yb)
Vcol(fb)
Vcol(yb)
Vcol(fb)
Appendix C: Beam & Joint Failures
C-67
Birss-B2-1978
Unit lc 3430 mm f'c 31.5 MPa
l'c 1410 mm dbS 6.5 mm
lb 4877 mm hc 457 mm dbT 6.5 mm
l'b 2210 mm wc 457 mm #legsS 2
hb 610 mm bj 457 mm #legsT 2
wb 356 mm SetsS 4
db5A 24 mm SetsT 4
db1 20 mm db5B 24 mm sS 126 mm
db2 20 mm #5A 2 sT 126 mm
#1 4 #5B 2 AshS 265 mm
2
#2 4 As5A 905 mm
2
AshT 265 mm
2
As1 1257 mm
2
As5B 905 mm
2
Ashp 531 mm
2
As2 1257 mm
2
As5 1810 mm
2
SetseS 3.41
Astop 2513 mm
2
fy5A 427 MPa SetseT 3.41
fy1 288 MPa fy5B 427 MPa Ashpe 453 mm
2
fy2 288 MPa fy5 427 MPa fyS 398 MPa
fytop 288 MPa fyT 398 MPa
fu1 317 MPa db6 24 mm Vshp 211 kN
fu2 317 MPa db7 24 mm Vshpe 180 kN
futop 317 MPa db8 0 mm fyh 398 MPa
λ2top 1.10 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 20 mm
2
#7 2 αi
db4 20 mm
2
#8 0 0.2f'c MPa
#3 4 #9 0 Vjho 1325 1296 kN
#4 4 As6 905 mm
2
vjho 6.34 6.21 MPa
As3 1257 mm
2
As7 905 mm
2
6vjho/f'c 1.21 1.18 >0.85
As4 1257 mm
2
As8 0 mm
2
vjho/f'c 0.20 0.20
Asbot 2513 mm
2
As9 0 mm
2
As mm
2
fy3 288 MPa Asint 1810 mm
2
Ajh 1534 1500 mm
2
fy4 288 MPa fy6 427 MPa Vjh 610 597 kN
fybot 288 MPa fy7 427 MPa Vjh/Vjho 0.46 0.46
fu3 317 MPa fy8 0 MPa Vshp/Vjho 0.16 0.16
fu4 317 MPa fy9 0 MPa Vshpe/Vjho 0.14 0.14
fubot 317 MPa fyint 427 MPa Ashp/Ajh 0.35 0.35
λ2bot 1.10 Fint 773 kN Ashpe/Ajh 0.30 0.30
Fint/Vjv 0.437 Ajh<0.85 1534 1500 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 45 mm αv
d2 90 mm d5 47 mm Ajv 927 906 mm
2
d3 520 mm d6 150 mm Ajvp/Ajv 1.95 2.00
d4 565 mm d7 307 mm
d1-2 67.5 mm d8 NA mm
d3-4 542.5 mm d9 NA mm
d10 410 mm
d'1 565 mm
d'2 520 mm N/Agf'c 0.439
d'3 90 mm N 2890 kN
d'4 45 mm
d'1-2 542.5 mm
d'3-4 67.5 mm
JointColumn
Beam
Birss 1978
B2
Positive Curvature
Negative Curvature
0.49
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
0.70
6.3
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
2513
Appendix C: Beam & Joint Failures
C-68
Birss-B2-1978
Mcol(yc) 661 kNm Max db 20.00 mm dbC mm
Mcol(fc) 652 kNm hc/db 22.85 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 683 724 796 NA kN #LegsD
T- 683 724 796 NA kN AVpC mm
2
Mb+ 333 378 416 363 kNm AVpD mm
2
Mb- 333 378 416 364 kNm sVC mm
Vb+ 150 171 188 164 kN sVD mm
Vb- 150 171 188 165 kN fytC MPa
Mcol 302 343 378 330 kNm fytD MPa
Mcol/Mcol(yc) 0.46 0.52 0.57 0.50 VspC/sVC kN/m
Vcol 214 243 268 234 kN Δmax 55 mm VspD/sVD kN/m
Vjh 1153 1205 1325 1296 kN Δy 21.3 mm Vsp/sV kN/m
Vshp/Vjh 0.18 0.18 0.16 0.16 Δy/lc 0.62 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.16 0.15 0.14 0.14 Max Crack Spalling mm Vb 188 165 kN
Vs
+
reqd 347 303 kN/m
Vs
-
reqd 347 303 kN/m
Vsreqd 347 303 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 2.03 2.32
3/4 Theoretical NA 16.7 0.0 3.01E-06 0.00E+00 0.8 0.8
Projected Yield NA 22.3 0.0 4.01E-06 0.00E+00 1.0 1.0
Max Shear 19 53.9 31.6 4.01E-06 3.58E-05 2.4 9.9 Comment Load Run
Failure/End 19 53.9 31.6 4.01E-06 3.58E-05 2.4 9.9 Yes 20
11.1
3/4 Theoretical NA -15.3 0 -3.01E-06 0.00E+00 0.8 0.8 2
Projected Yield NA -20.4 0.0 -4.01E-06 0.00E+00 1.0 1.0 None
Max Shear 20 -55.1 -34.7 -4.01E-06 -3.93E-05 2.7 10.8 4/4 20
Failure/End 20 -55.1 -34.7 -4.01E-06 -3.93E-05 2.7 10.8 Hinging 19
None
Projected Yield NA 21.3 0.0 4.01E-06 0.00E+00 1.0 1.0 Shear 20
Failure/End 19-20 54.5 33.2 4.01E-06 3.76E-05 2.6 10.4
Adjusted Failure 19-20 57.2 35.9 4.01E-06 4.07E-05 2.7 11.1
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
6.5
4
4
6.5
Shear Reinforcement in Beam Ductile Region
150
398
398
150
132.7
132.7
Column Shear-Sway Data
Positive Deflection
3.99E-05
3.01E-06
4.01E-06
4.16E-05
4.47E-05
Averages
φ (mm
-1
)
-4.01E-06
-4.33E-05
4.01E-06
Failure Details
Bond Failure Location
Test Reached Failure
352
352
704
Joint Stirrups Yield
3.99E-05
-4.33E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-3.01E-06
Beam Failure Mode
Comments Loading Scenario
Column axial load is varied during testing during the elastic 
cycles.  The axial load in the inelastic cycles is maintained at 
0.439f'c.
The beams failed to reach the theoretical capacity prior to 
joint failure, they did however, reach the theoretical first 
yield load . Thus the failure mode of this specimen is taken as 
the inability to reach 90% of the maximum recorded load.
Failure is considered to be due to beam hinging in load run 
19, followed by joint shear failure in load run 20.
Yielding of the joint ties occurred allowing cracks in the joint 
core to propagate.  This reduced the strength of the core 
concrete and thus the joint strut failed in a crushing 
mechanism.
The high axial load contributed to the failure of the joint.
All of the column bars yielded in compression  in cycle 25.  
This was after the joint had lost the ability to keep 90% of it's 
load capacity and the core concrete had already crushed.  
The loss of capacity in the core concrete led to the column 
bars carrying the axial and flexural loads thus resulting in 
buckling of the bars.
Appendix C: Beam & Joint Failures
C-69
Birss-B2-1978
CommentsLoad Run
Birss 1978 B2
Test end
Elastic cycles
Beam yield
1-11
19
26
20 Joint shear/bond failure of joint
Appendix C: Beam & Joint Failures
C-70
Durrani-X2-1982
Unit lc 2247.9 mm f'c 33.7 MPa
l'c 914.4 mm dbS 12.7 mm
lb 2495.5 mm hc 362 mm dbT 12.7 mm
l'b 1066.8 mm wc 362 mm #legsS 2
hb 419.1 mm bj 362 mm #legsT 1.41
wb 279.4 mm SetsS 3
db5A 25.4 mm SetsT 3
db1 22.225 mm db5B 25.4 mm sS 106.1 mm
db2 0 mm #5A 2 sT 106.1 mm
#1 4 #5B 1 AshS 760 mm
2
#2 0 As5A 1013 mm
2
AshT 536 mm
2
As1 1552 mm
2
As5B 507 mm
2
Ashp 1296 mm
2
As2 0 mm
2
As5 1520 mm
2
SetseS 2.83
Astop 1552 mm
2
fy5A 414 MPa SetseT 2.83
fy1 331 MPa fy5B 414 MPa Ashpe 1222 mm
2
fy2 0 MPa fy5 414 MPa fyS 352 MPa
fytop 331 MPa fyT 352 MPa
fu1 364 MPa db6 25.4 mm Vshp 456 kN
fu2 0 MPa db7 0 mm Vshpe 430 kN
futop 364 MPa db8 0 mm fyh 352 MPa
λ2top 1.10 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 0 αi
db4 19.05 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 819 1043 kN
#4 4 As6 1013 mm
2
vjho 6.25 7.96 MPa
As3 0 mm
2
As7 0 mm
2
6vjho/f'c 1.11 1.42 >0.85
As4 1140 mm
2
As8 0 mm
2
vjho/f'c 0.19 0.24
Asbot 1140 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 1013 mm
2
Ajh 2146 2732 mm
2
fy4 345 MPa fy6 414 MPa Vjh 754 960 kN
fybot 345 MPa fy7 0 MPa Vjh/Vjho 0.92 0.92
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.56 0.44
fu4 379 MPa fy9 0 MPa Vshpe/Vjho 0.52 0.41
fubot 379 MPa fyint 414 MPa Ashp/Ajh 0.60 0.47
λ2bot 1.10 Fint 419 kN Ashpe/Ajh 0.57 0.45
Fint/Vjv 0.442 Ajh<0.85 2146 2732 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 51.1 mm αv
d2 NA mm d5 52.7 mm Ajv 1407 1792 mm
2
d3 NA mm d6 181 mm Ajvp/Ajv 0.72 0.57
d4 369.5 mm d7 NA mm
d1-2 51.1 mm d8 NA mm
d3-4 369.5 mm d9 NA mm
d10 309.3 mm
d'1 368 mm
d'2 NA mm N/Agf'c 0.050
d'3 NA mm N 221 kN
d'4 49.6 mm
d'1-2 368 mm
d'3-4 49.6 mm
JointColumnDurrani 1982
X2
Beam
Positive Curvature
Negative Curvature
0.67
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.32
6.74
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1552
Appendix C: Beam & Joint Failures
C-71
Durrani-X2-1982
Mcol(yc) 215 kNm Max db 22.23 mm dbC mm
Mcol(fc) 256 kNm hc/db 16.29 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 393 393 432 NA kN #LegsD
T- 513 513 565 NA kN AVpC mm
2
Mb+ 130 136 150 175 kNm AVpD mm
2
Mb- 166 174 192 223 kNm sVC mm
Vb+ 122 128 141 164 kN sVD mm
Vb- 156 164 180 209 kN fytC MPa
Mcol 141 148 163 189 kNm fytD MPa
Mcol/Mcol(yc) 0.65 0.69 0.76 0.88 VspC/sVC kN/m
Vcol 154 162 178 207 kN Δmax 84 mm VspD/sVD kN/m
Vjh 753 745 819 1043 kN Δy 22.5 mm Vsp/sV kN/m
Vshp/Vjh 0.61 0.61 0.56 0.44 Δy/lc 1.00 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.57 0.58 0.52 0.41 Max Crack Spalling mm Vb 180 209 kN
Vs
+
reqd 487 567 kN/m
Vs
-
reqd 489 569 kN/m
Vsreqd 489 569 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.10 0.95
3/4 Theoretical NA 17.7 0.0 5.24E-06 0.00E+00 0.8 0.8
Projected Yield NA 23.6 0.0 6.99E-06 0.00E+00 1.0 1.0
Max Shear 7 83.5 59.9 6.99E-06 1.65E-04 3.5 24.6 Comment Load Run
Failure/End 11 117.9 94.3 6.99E-06 2.60E-04 5.0 38.1 Yes 12
43.3
3/4 Theoretical NA -16.0 0 -5.03E-06 0.00E+00 0.8 0.8 2
Projected Yield NA -21.3 0.0 -6.71E-06 0.00E+00 1.0 1.0 None
Max Shear 8 -84.2 -62.9 -6.71E-06 -1.73E-04 3.9 26.8 3/3 6
Failure/End 12 -121.3 -100.0 -6.71E-06 -2.75E-04 5.7 42.0 Hinging 1
None
Projected Yield NA 22.5 0.0 6.85E-06 0.00E+00 1.0 1.0 Shear 12
Failure/End 11-12 119.6 97.1 6.71E-06 2.67E-04 5.3 40.9
Adjusted Failure 11-12 125.6 103.1 6.71E-06 2.84E-04 5.6 43.3
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
0
9.525
NA
89
NA
337
142.5
NA
Column Shear-Sway Data
Positive Deflection
1.72E-04
5.24E-06
6.99E-06
2.74E-04
2.91E-04
Averages
φ (mm
-1
)
-6.71E-06
-2.82E-04
6.85E-06
Failure Details
Bond Failure Location
Test Reached Failure
539
0
539
Joint Stirrups Yield
2.67E-04
-1.80E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-5.03E-06
Beam Failure Mode
Comments Loading Scenario
Diamond joint stirrups, result in reduced cross sectional 
area in the plane of loading, hence the reduced #legs.
Shear cracks observed during testing and considering the 
low amount of beam shear reinforcement it is likely that a 
portion of the hysteric behaviour can be attributed to shear 
deformation of the beams.
Joint spalling occurred during the sixth full cycle.
The square stirrups yielded after the second full cycle and 
by the third cycle all stirrups had yielded.
Slight slipping of the beam bars is recorded.  The upper 
bars are a larger diameter than the lower bars and slight 
crushing of the beam concrete at the joint corners is 
observed in the upper of the beam but not the lower.  It is 
likely that the upper bars slipped through he joint 
contributing to the hysteretic pinching.
Failure mode consisted of , plastic hinging of the beams, 
yielding of all joint stirrups, leading to spalling of concrete 
core and excessive cracks, which reduced the concrete's 
ability to resist the shear stress induced.
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C-72
Durrani-X2-1982
14
12
Test end
Durrani 1982 X2
Comments
Yield of beam bars
Yielding of joint stirrups resulting in loss of stiffness
Pinching associated with bond failure/joint shear failure
Load Run
1
6
Vcol(yb)
0.9Vcol(M)
Vcol(yb)
0.9Vcol(M)
Vcol(fb)
Vcol(fb)
Appendix C: Beam & Joint Failures
C-73
Lin-Unit 1-2000
Unit lc 2450 mm f'c 33.3 MPa
l'c 950 mm dbS 10 mm
lb 3190 mm hc 390 mm dbT 6 mm
l'b 1400 mm wc 390 mm #legsS 2
hb 550 mm bj 390 mm #legsT 2
wb 300 mm SetsS 6
db5A 16 mm SetsT 6
db1 12 mm db5B 12 mm sS 74 mm
db2 12 mm #5A 2 sT 74 mm
#1 4 #5B 2 AshS 942 mm
2
#2 4 As5A 402 mm
2
AshT 339 mm
2
As1 452 mm
2
As5B 226 mm
2
Ashp 1282 mm
2
As2 452 mm
2
As5 628 mm
2
SetseS 5.29
Astop 905 mm
2
fy5A 518 MPa SetseT 5.29
fy1 525 MPa fy5B 525 MPa Ashpe 1130 mm
2
fy2 525 MPa fy5 521 MPa fyS 354 MPa
fytop 525 MPa fyT 352 MPa
fu1 656 MPa db6 12 mm Vshp 453 kN
fu2 656 MPa db7 12 mm Vshpe 399 kN
futop 656 MPa db8 0 mm fyh 353 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 12 mm
2
#7 2 αi
db4 12 mm
2
#8 0 0.2f'c MPa
#3 4 #9 0 Vjho 920 838 kN
#4 4 As6 226 mm
2
vjho 6.05 5.51 MPa
As3 452 mm
2
As7 226 mm
2
6vjho/f'c 1.09 0.99 >0.85
As4 452 mm
2
As8 0 mm
2
vjho/f'c 0.18 0.17
Asbot 905 mm
2
As9 0 mm
2
As mm
2
fy3 525 MPa Asint 452 mm
2
Ajh 1043 949 mm
2
fy4 525 MPa fy6 525 MPa Vjh 369 336 kN
fybot 525 MPa fy7 525 MPa Vjh/Vjho 0.40 0.40
fu3 656 MPa fy8 0 MPa Vshp/Vjho 0.49 0.54
fu4 656 MPa fy9 0 MPa Vshpe/Vjho 0.43 0.48
fubot 656 MPa fyint 525 MPa Ashp/Ajh 1.23 1.35
λ2bot 1.25 Fint 238 kN Ashpe/Ajh 1.08 1.19
Fint/Vjv 0.183 Ajh<0.85 1043 949 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 30 mm αv
d2 62 mm d5 43 mm Ajv 485 441 mm
2
d3 488 mm d6 144 mm Ajvp/Ajv 0.93 1.03
d4 520 mm d7 246 mm
d1-2 46 mm d8 NA mm
d3-4 504 mm d9 NA mm
d10 347 mm
d'1 520 mm
d'2 488 mm N/Agf'c 0.430
d'3 62 mm N 2178 kN
d'4 30 mm
d'1-2 504 mm
d'3-4 46 mm
JointColumnLin 2000
Unit 1
Beam
Positive Curvature
Negative Curvature
0.49
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
0.71
6.66
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
905
Appendix C: Beam & Joint Failures
C-74
Lin-Unit 1-2000
Mcol(yc) 330 kNm Max db 12.00 mm dbC mm
Mcol(fc) 318 kNm hc/db 32.50 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 456 475 594 NA kN #LegsD
T- 456 475 594 NA kN AVpC mm
2
Mb+ 212 230 288 244 kNm AVpD mm
2
Mb- 212 230 288 244 kNm sVC mm
Vb+ 152 164 206 174 kN sVD mm
Vb- 152 164 206 174 kN fytC MPa
Mcol 188 203 254 215 kNm fytD MPa
Mcol/Mcol(yc) 0.57 0.62 0.77 0.65 VspC/sVC kN/m
Vcol 197 214 268 227 kN Δmax 63 mm VspD/sVD kN/m
Vjh 715 736 920 838 kN Δy 14.4 mm Vsp/sV kN/m
Vshp/Vjh 0.63 0.62 0.49 0.54 Δy/lc 0.59 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.56 0.54 0.43 0.48 Max Crack Spalling mm Vb 206 174 kN
Vs
+
reqd 408 345 kN/m
Vs
-
reqd 408 345 kN/m
Vsreqd 408 345 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.39 1.65
3/4 Theoretical NA 11.2 0.0 6.09E-06 0.00E+00 0.8 0.8
Projected Yield NA 14.9 0.0 8.11E-06 0.00E+00 1.0 1.0
Max Shear 9 59.8 44.9 8.11E-06 8.41E-05 4.0 11.4 Comment Load Run
Failure/End 11 59.8 44.9 8.11E-06 8.41E-05 4.0 11.4 Yes 11
13.3
3/4 Theoretical NA -10.4 0 -6.09E-06 0.00E+00 0.8 0.8 3
Projected Yield NA -13.9 0.0 -8.11E-06 0.00E+00 1.0 1.0 None
Max Shear 10 -63.2 -49.3 -8.11E-06 -9.25E-05 4.6 12.4 5/6
Failure/End 10 -63.2 -49.3 -8.11E-06 -9.25E-05 4.6 12.4 Hinging 5
Unknown 11
Projected Yield NA 14.4 0.0 8.11E-06 0.00E+00 1.0 1.0 Shear 11
Failure/End 10-11 61.5 47.1 8.11E-06 8.83E-05 4.3 11.9
Adjusted Failure 10-11 67.8 53.4 8.11E-06 1.00E-04 4.7 13.3
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
4
NA
6
NA
70
NA
352
113.1
NA
Column Shear-Sway Data
Positive Deflection
9.22E-05
6.09E-06
8.11E-06
9.64E-05
1.08E-04
Averages
φ (mm
-1
)
-8.11E-06
-1.01E-04
8.11E-06
Failure Details
Bond Failure Location
Test Reached Failure
569
0
569
Joint Stirrups Yield
9.22E-05
-1.01E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-6.09E-06
Beam Failure Mode
Comments Loading Scenario
Grouted column bars around the joint zone.
Failure due to concrete crushing in the joint zone.
Slip noticed in load run 11 possibly from joint degradation 
and/or bond slip within the joint.
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C-75
Lin-Unit 1-2000
Lin 2000 Unit 1
Comments
Elastic loading
Yielding of joint stirrups
Load Run
1-4
10
20 Test end
5 Beam yielding
11 Failure to meet 90% of max measured load/ joint shear
Pinching due to bar slip / joint degradation11
Vcol(yb)
Vcol(fb)
0.9Vcol(M)
Vcol(yb)
0.9Vcol(M)
Vcol(fb)
Appendix C: Beam & Joint Failures
C-76
Meinheit-VI-1977
Unit lc 3658 mm f'c 36.7 MPa
l'c 1600 mm dbS 12.7 mm
lb 4876 mm hc 457 mm dbT 0 mm
l'b 2209 mm wc 330 mm #legsS 2
hb 457 mm bj 330 mm #legsT 0
wb 279 mm SetsS 2
db5A 32.26 mm SetsT 0
db1 32.26 mm db5B 0 mm sS 152.4 mm
db2 0 mm #5A 2 sT 0 mm
#1 3 #5B 0 AshS 507 mm
2
#2 0 As5A 1635 mm
2
AshT 0 mm
2
As1 2452 mm
2
As5B 0 mm
2
Ashp 507 mm
2
As2 0 mm
2
As5 1635 mm
2
SetseS 2
Astop 2452 mm
2
fy5A 449 MPa SetseT 2
fy1 449 MPa fy5B 0 MPa Ashpe 507 mm
2
fy2 0 MPa fy5 449 MPa fyS 409 MPa
fytop 449 MPa fyT 0 MPa
fu1 561 MPa db6 32.26 mm Vshp 207 kN
fu2 0 MPa db7 32.26 mm Vshpe 207 kN
futop 561 MPa db8 0 mm fyh 409 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 25.4 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 1920 1644 kN
#4 3 As6 1635 mm
2
vjho 12.73 10.90 MPa
As3 0 mm
2
As7 1635 mm
2
6vjho/f'c 2.08 1.78 >0.85
As4 1520 mm
2
As8 0 mm
2
vjho/f'c 0.35 0.30
Asbot 1520 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 3269 mm
2
Ajh 3495 2993 mm
2
fy4 405 MPa fy6 449 MPa Vjh 1429 1224 kN
fybot 405 MPa fy7 449 MPa Vjh/Vjho 0.74 0.74
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.11 0.13
fu4 507 MPa fy9 0 MPa Vshpe/Vjho 0.11 0.13
fubot 507 MPa fyint 449 MPa Ashp/Ajh 0.14 0.17
λ2bot 1.25 Fint 1467 kN Ashpe/Ajh 0.14 0.17
Fint/Vjv 0.764 Ajh<0.85 3495 2993 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 66.93 mm αv
d2 NA mm d5 66.7 mm Ajv 1501 1285 mm
2
d3 NA mm d6 174.7 mm Ajvp/Ajv 2.18 2.54
d4 393.7 mm d7 282.7 mm
d1-2 66.93 mm d8 NA mm
d3-4 393.7 mm d9 NA mm
d10 390.5 mm
d'1 390.07 mm
d'2 NA mm N/Agf'c 0.485
d'3 NA mm N 2684 kN
d'4 63.3 mm
d'1-2 390.07 mm
d'3-4 63.3 mm
Axial Stress
Column Bar Locations
From Edge of Column Face
2452
Positive Curvature
Negative Curvature
0.47
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
0.62
7.34
Top Bars
JointColumn
Beam
Meinheit 1977
VI
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C-77
Meinheit-VI-1977
Mcol(yc) 559 kNm Max db 32.26 mm dbC mm
Mcol(fc) 525 kNm hc/db 14.17 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 616 616 770 NA kN #LegsD
T- 1101 1101 1376 NA kN AVpC mm
2
Mb+ 213 223 278 221 kNm AVpD mm
2
Mb- 364 378 472 375 kNm sVC mm
Vb+ 96 101 126 100 kN sVD mm
Vb- 165 171 214 170 kN fytC MPa
Mcol 279 290 362 288 kNm fytD MPa
Mcol/Mcol(yc) 0.50 0.52 0.65 0.51 VspC/sVC kN/m
Vcol 174 181 226 180 kN Δmax 120 mm VspD/sVD kN/m
Vjh 1543 1536 1920 1644 kN Δy 56.0 mm Vsp/sV kN/m
Vshp/Vjh 0.13 0.13 0.11 0.13 Δy/lc 1.53 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.13 0.13 0.11 0.13 Max Crack NA mm Vb 214 170 kN
Vs
+
reqd 543 431 kN/m
Vs
-
reqd 548 435 kN/m
Vsreqd 548 435 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.26 1.59
3/4 Theoretical NA 41.9 0.0 5.62E-06 0.00E+00 0.7 0.7
Projected Yield NA 56.2 0.0 7.54E-06 0.00E+00 1.0 1.0
Max Shear 3 98.5 42.3 7.54E-06 5.89E-05 1.8 8.8 Comment Load Run
Failure/End 3 98.5 42.3 7.54E-06 5.89E-05 1.8 8.8 Yes 4
10.7
3/4 Theoretical NA -37.5 0 -5.61E-06 0.00E+00 0.7 0.7 2
Projected Yield NA -55.8 0.0 -8.35E-06 0.00E+00 1.0 1.0 None
Max Shear 4 -119.5 -63.7 -8.35E-06 -8.87E-05 2.1 11.6 NA
Failure/End 4 -119.5 -63.7 -8.35E-06 -8.87E-05 2.1 11.6 Hinging 3
Unknown 4
Projected Yield NA 56.0 0.0 7.94E-06 0.00E+00 1.0 1.0 Shear 4
Failure/End 3-4 109.0 53.0 8.35E-06 7.38E-05 1.9 9.8
Adjusted Failure 3-4 114.5 58.5 8.35E-06 8.14E-05 2.0 10.7
Load Run θ Load Run θ
Joint Stirrups Yield
6.64E-05
-9.70E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-5.61E-06
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
691
0
691
8.21E-05
8.97E-05
Averages
φ (mm
-1
)
-8.35E-06
-9.70E-05
7.94E-06
Column Shear-Sway Data
Positive Deflection
6.64E-05
5.62E-06
7.54E-06
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
9.525
2
NA
NA
NA
485
NA
100
142.5
NA
Joint failed in shear after plastic hinges formed in load cycle 
3. 
Possible bond slip from load run 4 onward due to joint 
cracking.
Loading is done with three complete cycles.  Cycle 1 is 
loaded until a visible shear crack is evident in the joint or 
50% of the theoretical yield load.  Cycle 2 is loaded until the 
maximum joint shear is found.  Cycle 3 is loaded until the 
new maximum joint shear is found.
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C-78
Meinheit-VI-1977
4 Shear failure of joint
Meinheit 1977 VI
Comments
Elastic range
Plastic hinges form in the beams
Load Run
1-2
3
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C-79
Milburn-Unit 1-1982
Unit lc 3350 mm f'c 41.3 MPa
l'c 1447 mm dbS 16 mm
lb 5740 mm hc 406 mm dbT 0 mm
l'b 2667 mm wc 305 mm #legsS 2
hb 457 mm bj 305 mm #legsT 0
wb 229 mm SetsS 8
db5A 24 mm SetsT 0
db1 16 mm db5B 0 mm sS 42 mm
db2 16 mm #5A 2 sT 0 mm
#1 4 #5B 0 AshS 3217 mm
2
#2 4 As5A 905 mm
2
AshT 0 mm
2
As1 804 mm
2
As5B 0 mm
2
Ashp 3217 mm
2
As2 804 mm
2
As5 905 mm
2
SetseS 6.92
Astop 1608 mm
2
fy5A 473 MPa SetseT 0
fy1 315 MPa fy5B 0 MPa Ashpe 2783 mm
2
fy2 315 MPa fy5 473 MPa fyS 320 MPa
fytop 315 MPa fyT 0 MPa
fu1 347 MPa db6 24 mm Vshp 1029 kN
fu2 347 MPa db7 0 mm Vshpe 890 kN
futop 347 MPa db8 0 mm fyh 320 MPa
λ2top 1.10 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 16 mm
2
#7 0 αi
db4 16 mm
2
#8 0 0.2f'c MPa
#3 4 #9 0 Vjho 978 1016 kN
#4 4 As6 905 mm
2
vjho 7.90 8.21 MPa
As3 804 mm
2
As7 0 mm
2
6vjho/f'c 1.15 1.19 >0.85
As4 804 mm
2
As8 0 mm
2
vjho/f'c 0.19 0.20
Asbot 1608 mm
2
As9 0 mm
2
As mm
2
fy3 315 MPa Asint 905 mm
2
Ajh 2252 2341 mm
2
fy4 315 MPa fy6 473 MPa Vjh 721 749 kN
fybot 315 MPa fy7 0 MPa Vjh/Vjho 0.74 0.74
fu3 347 MPa fy8 0 MPa Vshp/Vjho 1.05 1.01
fu4 347 MPa fy9 0 MPa Vshpe/Vjho 0.91 0.88
fubot 347 MPa fyint 473 MPa Ashp/Ajh 1.43 1.37
λ2bot 1.10 Fint 428 kN Ashpe/Ajh 1.24 1.19
Fint/Vjv 0.389 Ajh<0.85 2252 2341 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 38 mm αv
d2 74 mm d5 42 mm Ajv 1091 1135 mm
2
d3 383 mm d6 203 mm Ajvp/Ajv 0.83 0.80
d4 419 mm d7 NA mm
d1-2 56 mm d8 NA mm
d3-4 401 mm d9 NA mm
d10 364 mm
d'1 419 mm
d'2 383 mm N/Agf'c 0.100
d'3 74 mm N 511 kN
d'4 38 mm
d'1-2 401 mm
d'3-4 56 mm
JointColumnMilburn 1982
Unit 1
Beam
Positive Curvature
Negative Curvature
0.64
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.24
8.26
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1608
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C-80
Milburn-Unit 1-1982
Mcol(yc) 235 kNm Max db 16.00 mm dbC mm
Mcol(fc) 288 kNm hc/db 25.38 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 475 507 557 NA kN #LegsD
T- 475 507 557 NA kN AVpC mm
2
Mb+ 169 194 213 197 kNm AVpD mm
2
Mb- 169 194 213 197 kNm sVC mm
Vb+ 64 73 80 74 kN sVD mm
Vb- 64 73 80 74 kN fytC MPa
Mcol 157 180 198 183 kNm fytD MPa
Mcol/Mcol(yc) 0.67 0.77 0.84 0.78 VspC/sVC kN/m
Vcol 109 125 137 127 kN Δmax 141 mm VspD/sVD kN/m
Vjh 842 889 978 1016 kN Δy 34.9 mm Vsp/sV kN/m
Vshp/Vjh 1.22 1.16 1.05 1.01 Δy/lc 1.04 % Theoretical (o) Measured (M)
Vshpe/Vjh 1.06 1.00 0.91 0.88 Max Crack Spalling mm Vb 80 74 kN
Vs
+
reqd 199 184 kN/m
Vs
-
reqd 199 184 kN/m
Vsreqd 199 184 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 5.68 6.15
3/4 Theoretical NA 28.4 0.0 4.39E-06 0.00E+00 0.8 0.8
Projected Yield NA 37.9 0.0 5.86E-06 0.00E+00 1.0 1.0
Max Shear 7 137.4 99.5 5.86E-06 1.46E-04 3.6 26.0 Comment Load Run
Failure/End 11 177.9 140.0 5.86E-06 2.06E-04 4.7 36.1 Yes 12
38.6
3/4 Theoretical NA -24.0 0 -4.39E-06 0.00E+00 0.8 0.8 2
Projected Yield NA -32.0 0.0 -5.86E-06 0.00E+00 1.0 1.0 None
Max Shear 8 -140.5 -108.5 -5.86E-06 -1.59E-04 4.4 28.2 4/8 12
Failure/End 12 -174.5 -142.5 -5.86E-06 -2.09E-04 5.5 36.7 Hinging 3
Unknown 11
Projected Yield NA 34.9 0.0 5.86E-06 0.00E+00 1.0 1.0 Shear 12
Failure/End 11-12 176.2 141.3 5.86E-06 2.07E-04 5.0 36.4
Adjusted Failure 11-12 185.0 150.1 5.86E-06 2.20E-04 5.3 38.6
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
4
NA
10
NA
89
NA
321
314.2
NA
Column Shear-Sway Data
Positive Deflection
1.52E-04
4.39E-06
5.86E-06
2.13E-04
2.26E-04
Averages
φ (mm
-1
)
-5.86E-06
-2.15E-04
5.86E-06
Failure Details
Bond Failure Location
Test Reached Failure
1133
0
1133
Joint Stirrups Yield
2.12E-04
-1.65E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-4.39E-06
Beam Failure Mode
Comments Loading Scenario
Hysteresis provided for only one of the beams.  As the 
beams are symmetrically reinforced it can be assumed that 
the provided hysteresis applies to both beams.  The author 
also states that the load deflection plots for the other 
beams were very similar.
Spalling of the joint concrete occurred in load run 10.  This 
normally signifies extensive joint expansion and stirrup 
yielding.  However, in this case the spalling was a result of 
the large number of stirrups creating a failure plane for the 
cover concrete.
Pinching of the hysteresis was initially due to concrete 
cracks remaining open, then joint core degradation and 
possible bond slip within the joint.
Failure was a result of the joint core strut crushing followed 
by the yielding of 2 of the stirrups.
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C-81
Milburn-Unit 1-1982
14 Test end
Extensive joint cracking leading to failure
Milburn 1982 U1
Comments
Elastic range
Yield + crack initiation
Load Run
1-2
3
12
10 Spalling of joint concrete due to failure plane of stirrups
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
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C-82
Nogushi-OKJ-1-1992
Unit lc 1470 mm f'c 70 MPa
l'c 585 mm dbS 6 mm
lb 2700 mm hc 300 mm dbT 0 mm
l'b 1200 mm wc 300 mm #legsS 4
hb 300 mm bj 300 mm #legsT 0
wb 200 mm SetsS 3
db5A 13 mm SetsT 0
db1 13 mm db5B 13 mm sS 50 mm
db2 13 mm #5A 2 sT 0 mm
#1 5 #5B 4 AshS 339 mm
2
#2 4 As5A 265 mm
2
AshT 0 mm
2
As1 664 mm
2
As5B 531 mm
2
Ashp 339 mm
2
As2 531 mm
2
As5 796 mm
2
SetseS 2.94
Astop 1195 mm
2
fy5A 718 MPa SetseT 0
fy1 718 MPa fy5B 718 MPa Ashpe 333 mm
2
fy2 718 MPa fy5 718 MPa fyS 955 MPa
fytop 718 MPa fyT 0 MPa
fu1 898 MPa db6 13 mm Vshp 324 kN
fu2 898 MPa db7 13 mm Vshpe 318 kN
futop 898 MPa db8 13 mm fyh 955 MPa
λ2top 1.25 db9 13 mm
#6 2 Theoretical (ub) Measured (M)
db3 13 mm
2
#7 2 αi
db4 13 mm
2
#8 2 0.2f'c MPa
#3 2 #9 2 Vjho 1568 1197 kN
#4 5 As6 265 mm
2
vjho 17.42 13.30 MPa
As3 265 mm
2
As7 265 mm
2
6vjho/f'c 1.49 1.14 >0.85
As4 664 mm
2
As8 265 mm
2
vjho/f'c 0.25 0.19
Asbot 929 mm
2
As9 265 mm
2
As mm
2
fy3 718 MPa Asint 1062 mm
2
Ajh 1620 1237 mm
2
fy4 718 MPa fy6 718 MPa Vjh 1547 1181 kN
fybot 718 MPa fy7 718 MPa Vjh/Vjho 0.99 0.99
fu3 898 MPa fy8 718 MPa Vshp/Vjho 0.21 0.27
fu4 898 MPa fy9 718 MPa Vshpe/Vjho 0.20 0.27
fubot 898 MPa fyint 718 MPa Ashp/Ajh 0.21 0.27
λ2bot 1.25 Fint 762 kN Ashpe/Ajh 0.21 0.27
Fint/Vjv 0.486 Ajh<0.85 1620 1237 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 30 mm αv
d2 70 mm d5 40 mm Ajv 1346 1028 mm
2
d3 230 mm d6 84 mm Ajvp/Ajv 0.79 1.03
d4 270 mm d7 128 mm
d1-2 48 mm d8 172 mm
d3-4 259 mm d9 216 mm
d10 260 mm
d'1 270 mm
d'2 230 mm N/Agf'c 0.120
d'3 70 mm N 756 kN
d'4 30 mm
d'1-2 252 mm
d'3-4 41 mm
Axial Stress
Column Bar Locations
From Edge of Column Face
1195
Positive Curvature
Negative Curvature
0.63
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.21
14
Top Bars
JointColumnNogushi 1992
OKJ-1
Beam
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C-83
Nogushi-OKJ-1-1992
Mcol(yc) 249 kNm Max db 13.00 mm dbC mm
Mcol(fc) 268 kNm hc/db 23.08 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 627 667 834 NA kN #LegsD
T- 775 858 1072 NA kN AVpC mm
2
Mb+ 145 160 200 136 kNm AVpD mm
2
Mb- 172 194 242 165 kNm sVC mm
Vb+ 121 133 167 113 kN sVD mm
Vb- 143 162 202 137 kN fytC MPa
Mcol 142 158 198 135 kNm fytD MPa
Mcol/Mcol(yc) 0.57 0.64 0.80 0.54 VspC/sVC kN/m
Vcol 243 271 339 230 kN Δmax 45 mm VspD/sVD kN/m
Vjh 1160 1254 1568 1197 kN Δy 31.6 mm Vsp/sV kN/m
Vshp/Vjh 0.28 0.26 0.21 0.27 Δy/lc 2.15 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.27 0.25 0.20 0.27 Max Crack NA mm Vb 202 137 kN
Vs
+
reqd 781 531 kN/m
Vs
-
reqd 801 545 kN/m
Vsreqd 801 545 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.35 1.98
3/4 Theoretical NA 20.2 0.0 1.48E-05 0.00E+00 0.7 0.7
Projected Yield NA 27.8 0.0 2.03E-05 0.00E+00 1.0 1.0
Max Shear 13 45.0 17.2 2.03E-05 9.36E-05 1.6 5.6 Comment Load Run
Failure/End 15 45.0 17.2 2.03E-05 9.36E-05 1.6 5.6 Yes 15
5.9
3/4 Theoretical NA -25.6 0 -1.47E-05 0.00E+00 0.7 0.7 3
Projected Yield NA -35.4 0.0 -2.03E-05 0.00E+00 1.0 1.0 None
Max Shear 10 -28.8 0.0 -2.03E-05 0.00E+00 0.8 1.0 NA
Failure/End 14 -45.3 -9.9 -2.03E-05 -5.39E-05 1.3 3.6 Hinging 9
Unknown
Projected Yield NA 31.6 0.0 2.03E-05 0.00E+00 1.0 1.0 Shear 15
Failure/End 14-15 45.2 13.6 2.03E-05 7.37E-05 1.4 4.6
Adjusted Failure 14-15 49.8 18.2 2.03E-05 9.89E-05 1.6 5.9
Load Run θ Load Run θ
Joint Stirrups Yield
1.14E-04
-2.03E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-1.47E-05
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
1080
0
1080
9.41E-05
1.19E-04
Averages
φ (mm
-1
)
-2.03E-05
-7.42E-05
2.03E-05
Column Shear-Sway Data
Positive Deflection
1.14E-04
1.48E-05
2.03E-05
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
6
NA
50
NA
955
56.5
NA
Beams yielded at only 85% of theoretical load, thus failure 
for this specimen has been treated as failing to maintain 
90% of the maximum measured column shear  force as the 
beams are reported to have formed plastic hinges.
Very high strength concrete and  bars.
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C-84
Nogushi-OKJ-1-1992
21
15
Test end
Nogushi 1992 OKJ1
Comments
Elastic loading
Beam yielding
Joint failure
Load Run
1-8
9
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
0.9Vcol(M)
Vcol(yb)
Vcol(fb)
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C-85
Nogushi-OKJ-3-1992
Unit lc 1470 mm f'c 107 MPa
l'c 585 mm dbS 6 mm
lb 2700 mm hc 300 mm dbT 0 mm
l'b 1200 mm wc 300 mm #legsS 4
hb 300 mm bj 300 mm #legsT 0
wb 200 mm SetsS 3
db5A 13 mm SetsT 0
db1 13 mm db5B 13 mm sS 50 mm
db2 13 mm #5A 2 sT 0 mm
#1 5 #5B 4 AshS 339 mm
2
#2 5 As5A 265 mm
2
AshT 0 mm
2
As1 664 mm
2
As5B 531 mm
2
Ashp 339 mm
2
As2 664 mm
2
As5 796 mm
2
SetseS 2.94
Astop 1327 mm
2
fy5A 718 MPa SetseT 0
fy1 718 MPa fy5B 718 MPa Ashpe 333 mm
2
fy2 718 MPa fy5 718 MPa fyS 955 MPa
fytop 718 MPa fyT 0 MPa
fu1 898 MPa db6 13 mm Vshp 324 kN
fu2 898 MPa db7 13 mm Vshpe 318 kN
futop 898 MPa db8 13 mm fyh 955 MPa
λ2top 1.25 db9 13 mm
#6 2 Theoretical (ub) Measured (M)
db3 13 mm
2
#7 3 αi
db4 13 mm
2
#8 3 0.2f'c MPa
#3 5 #9 2 Vjho 1965 1649 kN
#4 5 As6 265 mm
2
vjho 21.84 18.33 MPa
As3 664 mm
2
As7 398 mm
2
6vjho/f'c 1.22 1.03 >0.85
As4 664 mm
2
As8 398 mm
2
vjho/f'c 0.20 0.17
Asbot 1327 mm
2
As9 265 mm
2
As mm
2
fy3 718 MPa Asint 1327 mm
2
Ajh 1476 1239 mm
2
fy4 718 MPa fy6 718 MPa Vjh 1410 1183 kN
fybot 718 MPa fy7 718 MPa Vjh/Vjho 0.72 0.72
fu3 898 MPa fy8 718 MPa Vshp/Vjho 0.16 0.20
fu4 898 MPa fy9 718 MPa Vshpe/Vjho 0.16 0.19
fubot 898 MPa fyint 718 MPa Ashp/Ajh 0.23 0.27
λ2bot 1.25 Fint 953 kN Ashpe/Ajh 0.23 0.27
Fint/Vjv 0.485 Ajh<0.85 1476 1239 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 30 mm αv
d2 70 mm d5 40 mm Ajv 1227 1030 mm
2
d3 230 mm d6 84 mm Ajvp/Ajv 1.08 1.29
d4 270 mm d7 128 mm
d1-2 50 mm d8 172 mm
d3-4 250 mm d9 216 mm
d10 260 mm
d'1 270 mm
d'2 230 mm N/Agf'c 0.120
d'3 70 mm N 1156 kN
d'4 30 mm
d'1-2 250 mm
d'3-4 50 mm
JointColumn
Beam
Nogushi 1992
OKJ-3
Positive Curvature
Negative Curvature
0.63
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.21
21.4
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1327
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C-86
Nogushi-OKJ-3-1992
Mcol(yc) 302 kNm Max db 13.00 mm dbC mm
Mcol(fc) 328 kNm hc/db 23.08 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 851 953 1191 NA kN #LegsD
T- 851 953 1191 NA kN AVpC mm
2
Mb+ 189 218 273 195 kNm AVpD mm
2
Mb- 189 218 273 195 kNm sVC mm
Vb+ 158 182 227 162 kN sVD mm
Vb- 158 182 227 162 kN fytC MPa
Mcol 169 195 244 174 kNm fytD MPa
Mcol/Mcol(yc) 0.56 0.65 0.81 0.58 VspC/sVC kN/m
Vcol 289 334 417 298 kN Δmax 45 mm VspD/sVD kN/m
Vjh 1413 1572 1965 1649 kN Δy 28.8 mm Vsp/sV kN/m
Vshp/Vjh 0.23 0.21 0.16 0.20 Δy/lc 1.96 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.22 0.20 0.16 0.19 Max Crack NA mm Vb 227 162 kN
Vs
+
reqd 909 649 kN/m
Vs
-
reqd 909 649 kN/m
Vsreqd 909 649 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.19 1.66
3/4 Theoretical NA 14.3 0.0 1.02E-05 0.00E+00 0.5 0.5
Projected Yield NA 28.4 0.0 2.03E-05 0.00E+00 1.0 1.0
Max Shear 13 44.6 16.2 2.03E-05 8.80E-05 1.6 5.3 Comment Load Run
Failure/End 13 44.6 16.2 2.03E-05 8.80E-05 1.6 5.3 Yes 14
5.7 14
3/4 Theoretical NA -14.7 0 -1.02E-05 0.00E+00 0.5 0.5 2
Projected Yield NA -29.2 0.0 -2.03E-05 0.00E+00 1.0 1.0 None
Max Shear 14 -44.1 -14.9 -2.03E-05 -8.11E-05 1.5 5.0 NA
Failure/End 14 -44.1 -14.9 -2.03E-05 -8.11E-05 1.5 5.0 None
None
Projected Yield NA 28.8 0.0 2.03E-05 0.00E+00 1.0 1.0 Shear 14
Failure/End 13-14 44.4 15.5 2.03E-05 8.45E-05 1.5 5.2
Adjusted Failure 13-14 46.6 17.8 2.03E-05 9.66E-05 1.6 5.7
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
6
2
NA
NA
NA
955
NA
50
56.5
NA
Column Shear-Sway Data
Positive Deflection
1.08E-04
1.02E-05
2.03E-05
1.05E-04
1.17E-04
Averages
φ (mm
-1
)
-2.03E-05
-1.01E-04
2.03E-05
Failure Details
Bond Failure Location
Test Reached Failure
1080
0
1080
Joint Stirrups Yield
1.08E-04
-1.01E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-1.02E-05
Beam Failure Mode
Comments Loading Scenario
Joint failure occurred in load run 14 where the specimen 
failed to reach 90% of the theoretical column shear load.  
Plastic hinges were not evident in the beams.
Very high strength concrete and  bars.
To account for the extra column bars #7 and #8 have each 
acquired an additional bar.  This alters the spacing of the 
column bars, however it is unlikely that these bars will 
greatly effect the flexural capacity of the column.
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Nogushi-OKJ-3-1992
21
14 Joint failure
Test end
Nogushi 1992 OKJ-3
Comments
Elastic loading
Load Run
1-8
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
0.9Vcol(M)
Vcol(yb)
Vcol(fb)
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C-88
Nogushi-OKJ-4-1992
Unit lc 1470 mm f'c 70 MPa
l'c 585 mm dbS 6 mm
lb 2700 mm hc 300 mm dbT 6 mm
l'b 1200 mm wc 300 mm #legsS 2
hb 300 mm bj 300 mm #legsT 2
wb 200 mm SetsS 3
db5A 13 mm SetsT 3
db1 13 mm db5B 13 mm sS 50 mm
db2 13 mm #5A 2 sT 50 mm
#1 5 #5B 4 AshS 170 mm
2
#2 4 As5A 265 mm
2
AshT 170 mm
2
As1 664 mm
2
As5B 531 mm
2
Ashp 339 mm
2
As2 531 mm
2
As5 796 mm
2
SetseS 2.94
Astop 1195 mm
2
fy5A 718 MPa SetseT 2.94
fy1 718 MPa fy5B 718 MPa Ashpe 333 mm
2
fy2 718 MPa fy5 718 MPa fyS 955 MPa
fytop 718 MPa fyT 955 MPa
fu1 898 MPa db6 13 mm Vshp 324 kN
fu2 898 MPa db7 13 mm Vshpe 318 kN
futop 898 MPa db8 13 mm fyh 955 MPa
λ2top 1.25 db9 13 mm
#6 2 Theoretical (ub) Measured (M)
db3 13 mm
2
#7 2 αi
db4 13 mm
2
#8 2 0.2f'c MPa
#3 2 #9 2 Vjho 1568 1290 kN
#4 5 As6 265 mm
2
vjho 17.42 14.34 MPa
As3 265 mm
2
As7 265 mm
2
6vjho/f'c 1.49 1.23 >0.85
As4 664 mm
2
As8 265 mm
2
vjho/f'c 0.25 0.20
Asbot 929 mm
2
As9 265 mm
2
As mm
2
fy3 718 MPa Asint 1062 mm
2
Ajh 1620 1333 mm
2
fy4 718 MPa fy6 718 MPa Vjh 1547 1273 kN
fybot 718 MPa fy7 718 MPa Vjh/Vjho 0.99 0.99
fu3 898 MPa fy8 718 MPa Vshp/Vjho 0.21 0.25
fu4 898 MPa fy9 718 MPa Vshpe/Vjho 0.20 0.25
fubot 898 MPa fyint 718 MPa Ashp/Ajh 0.21 0.25
λ2bot 1.25 Fint 762 kN Ashpe/Ajh 0.21 0.25
Fint/Vjv 0.486 Ajh<0.85 1620 1333 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 30 mm αv
d2 70 mm d5 40 mm Ajv 1346 1108 mm
2
d3 230 mm d6 84 mm Ajvp/Ajv 0.79 0.96
d4 270 mm d7 128 mm
d1-2 48 mm d8 172 mm
d3-4 259 mm d9 216 mm
d10 260 mm
d'1 270 mm
d'2 230 mm N/Agf'c 0.120
d'3 70 mm N 756 kN
d'4 30 mm
d'1-2 252 mm
d'3-4 41 mm
JointColumnNogushi 1992
OKJ-4
Beam
Positive Curvature
Negative Curvature
0.63
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.21
14
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1195
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C-89
Nogushi-OKJ-4-1992
Mcol(yc) 249 kNm Max db 13.00 mm dbC mm
Mcol(fc) 268 kNm hc/db 23.08 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 627 667 834 NA kN #LegsD
T- 775 858 1072 NA kN AVpC mm
2
Mb+ 145 160 200 147 kNm AVpD mm
2
Mb- 172 194 242 178 kNm sVC mm
Vb+ 121 133 167 122 kN sVD mm
Vb- 143 162 202 148 kN fytC MPa
Mcol 142 158 198 145 kNm fytD MPa
Mcol/Mcol(yc) 0.57 0.64 0.80 0.58 VspC/sVC kN/m
Vcol 243 271 339 248 kN Δmax 45 mm VspD/sVD kN/m
Vjh 1160 1254 1568 1290 kN Δy 32.1 mm Vsp/sV kN/m
Vshp/Vjh 0.28 0.26 0.21 0.25 Δy/lc 2.18 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.27 0.25 0.20 0.25 Max Crack NA mm Vb 202 148 kN
Vs
+
reqd 781 573 kN/m
Vs
-
reqd 801 587 kN/m
Vsreqd 801 587 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.35 1.84
3/4 Theoretical NA 22.2 0.0 1.50E-05 0.00E+00 0.7 0.7
Projected Yield NA 30.0 0.0 2.03E-05 0.00E+00 1.0 1.0
Max Shear 13 44.5 14.5 2.03E-05 7.89E-05 1.5 4.9 Comment Load Run
Failure/End 17 59.1 29.1 2.03E-05 1.58E-04 2.0 8.8 Yes 18
9.1
3/4 Theoretical NA -24.4 0 -1.46E-05 0.00E+00 0.7 0.7 2
Projected Yield NA -34.1 0.0 -2.03E-05 0.00E+00 1.0 1.0 None
Max Shear 14 -45.1 -11.0 -2.03E-05 -5.99E-05 1.3 3.9 NA
Failure/End 18 -59.5 -25.4 -2.03E-05 -1.38E-04 1.7 7.8 Hinging 13
Unknown
Projected Yield NA 32.1 0.0 2.03E-05 0.00E+00 1.0 1.0 Shear 18
Failure/End 17-18 59.3 27.3 2.03E-05 1.48E-04 1.9 8.3
Adjusted Failure 17-18 62.3 30.2 2.03E-05 1.65E-04 1.9 9.1
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
6
NA
50
NA
955
56.5
NA
Column Shear-Sway Data
Positive Deflection
9.93E-05
1.50E-05
2.03E-05
1.69E-04
1.85E-04
Averages
φ (mm
-1
)
-2.03E-05
-1.59E-04
2.03E-05
Failure Details
Bond Failure Location
Test Reached Failure
1080
0
1080
Joint Stirrups Yield
1.79E-04
-8.02E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-1.46E-05
Beam Failure Mode
Comments Loading Scenario
Beams yielded in load run 13.  Joint failure occurred in load 
run 18.  The theoretical column shear strength was not 
achieved.  However, the theoretical yield load for the 
beams was achieved and as such the beams are expected 
to have developed plastic hinges.  Thus failure is taken as 
the inability to maintain 90% max measured storey shear.
Very high strength concrete and  bars.
Appendix C: Beam & Joint Failures
C-90
Nogushi-OKJ-4-1992
21
18
Test end
Nogushi 1992 OKJ4
Comments
Elastic loading
Beam yield
Joint failure
Load Run
1-8
13
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
0.9Vcol(M)
Vcol(yb)
Vcol(fb)
Appendix C: Beam & Joint Failures
C-91
Stevenson-Unit 1-1980
Unit lc 3257 mm f'c 34 MPa
l'c 1400 mm dbS 16 mm
lb 5739 mm hc 406 mm dbT 0 mm
l'b 2667 mm wc 305 mm #legsS 2
hb 457 mm bj 305 mm #legsT 0
wb 229 mm SetsS 5
db5A 20 mm SetsT 0
db1 16 mm db5B 0 mm sS 86 mm
db2 16 mm #5A 2 sT 0 mm
#1 4 #5B 0 AshS 2011 mm
2
#2 4 As5A 628 mm
2
AshT 0 mm
2
As1 804 mm
2
As5B 0 mm
2
Ashp 2011 mm
2
As2 804 mm
2
As5 628 mm
2
SetseS 2.46
Astop 1608 mm
2
fy5A 412 MPa SetseT 0
fy1 338 MPa fy5B 0 MPa Ashpe 989 mm
2
fy2 338 MPa fy5 412 MPa fyS 305 MPa
fytop 338 MPa fyT 0 MPa
fu1 372 MPa db6 20 mm Vshp 614 kN
fu2 372 MPa db7 0 mm Vshpe 302 kN
futop 372 MPa db8 0 mm fyh 305 MPa
λ2top 1.10 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 16 mm
2
#7 0 αi
db4 16 mm
2
#8 0 0.2f'c MPa
#3 4 #9 0 Vjho 1047 1173 kN
#4 4 As6 628 mm
2
vjho 8.46 9.47 MPa
As3 804 mm
2
As7 0 mm
2
6vjho/f'c 1.49 1.67 >0.85
As4 804 mm
2
As8 0 mm
2
vjho/f'c 0.25 0.28
Asbot 1608 mm
2
As9 0 mm
2
As mm
2
fy3 338 MPa Asint 628 mm
2
Ajh 2710 3036 mm
2
fy4 338 MPa fy6 412 MPa Vjh 828 927 kN
fybot 338 MPa fy7 0 MPa Vjh/Vjho 0.79 0.79
fu3 372 MPa fy8 0 MPa Vshp/Vjho 0.59 0.52
fu4 372 MPa fy9 0 MPa Vshpe/Vjho 0.29 0.26
fubot 372 MPa fyint 412 MPa Ashp/Ajh 0.74 0.66
λ2bot 1.10 Fint 259 kN Ashpe/Ajh 0.36 0.33
Fint/Vjv 0.220 Ajh<0.85 2710 3036 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 38 mm αv
d2 112 mm d5 40 mm Ajv 1279 1433 mm
2
d3 345 mm d6 243 mm Ajvp/Ajv 0.49 0.44
d4 419 mm d7 NA mm
d1-2 75 mm d8 NA mm
d3-4 382 mm d9 NA mm
d10 366 mm
d'1 419 mm
d'2 345 mm N/Agf'c 0.237
d'3 112 mm N 998 kN
d'4 38 mm
d'1-2 382 mm
d'3-4 75 mm
JointColumn
Beam
Stevenson 1980
Unit 1
Positive Curvature
Negative Curvature
0.57
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.02
6.8
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1608
Appendix C: Beam & Joint Failures
C-92
Stevenson-Unit 1-1980
Mcol(yc) 237 kNm Max db 16.00 mm dbC mm
Mcol(fc) 266 kNm hc/db 25.38 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 473 543 598 NA kN #LegsD
T- 473 543 598 NA kN AVpC mm
2
Mb+ 161 204 224 201 kNm AVpD mm
2
Mb- 161 204 224 199 kNm sVC mm
Vb+ 60 76 84 75 kN sVD mm
Vb- 60 76 84 75 kN fytC MPa
Mcol 149 189 207 185 kNm fytD MPa
Mcol/Mcol(yc) 0.63 0.79 0.87 0.78 VspC/sVC kN/m
Vcol 106 135 148 132 kN Δmax 71 mm VspD/sVD kN/m
Vjh 840 952 1047 1173 kN Δy 33.1 mm Vsp/sV kN/m
Vshp/Vjh 0.73 0.64 0.59 0.52 Δy/lc 1.02 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.36 0.32 0.29 0.26 Max Crack Spalling mm Vb 84 75 kN
Vs
+
reqd 220 198 kN/m
Vs
-
reqd 220 198 kN/m
Vsreqd 220 198 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 2.27 2.53
3/4 Theoretical NA 25.8 0.0 4.71E-06 0.00E+00 0.8 0.8
Projected Yield NA 34.4 0.0 6.28E-06 0.00E+00 1.0 1.0
Max Shear 3 69.7 35.3 6.28E-06 5.33E-05 2.0 9.5 Comment Load Run
Failure/End 9 139.4 105.0 6.28E-06 1.59E-04 4.1 26.2 Yes 9
18.4
3/4 Theoretical NA -23.9 0 -4.71E-06 0.00E+00 0.8 0.8 1
Projected Yield NA -31.9 0.0 -6.28E-06 0.00E+00 1.0 1.0 None
Max Shear 4 -71.3 -39.4 -6.28E-06 -5.96E-05 2.2 10.5 3/5 9
Failure/End 6 -71.3 -39.4 -6.28E-06 -5.96E-05 2.2 10.5 Hinging 3
None
Projected Yield NA 33.1 0.0 6.28E-06 0.00E+00 1.0 1.0 Shear 9
Failure/End 6-9 105.4 72.2 6.28E-06 1.09E-04 3.2 18.4
Adjusted Failure 6-9 105.4 72.2 6.28E-06 1.09E-04 3.2 18.4
Load Run μ
1 0.75
2 -0.75
3 2
4 -2
5 2
6 -2
7 0.75
8 -0.75
9 4
10 -4
11 4
12 -4
13 6
14 -6
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
10
2
NA
NA
NA
283
NA
89
157.1
NA
Column Shear-Sway Data
Positive Deflection
5.96E-05
4.71E-06
6.28E-06
1.15E-04
1.15E-04
Averages
φ (mm
-1
)
-6.28E-06
-6.58E-05
6.28E-06
Failure Details
Bond Failure Location
Test Reached Failure
499
0
499
Joint Stirrups Yield
1.65E-04
-6.58E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-4.71E-06
Beam Failure Mode
Comments Loading Scenario
Shear failure of joint core occurred in load run 9
Plastic hinges formed in the beams during load run 3.  
However, in load run 4 the joint core governed the beam 
deflections, preventing the beams from reaching yield 
moments.
Appendix C: Beam & Joint Failures
C-93
Stevenson-Unit 1-1980
14
9
Test end
Stevenson 1980 Unit 1
Comments
Elastic Cycles
Yield of beam, initiation of joint core degradation
Shear failure of joint core
Load Run
1-2
3
Appendix C: Beam & Joint Failures
C-94
Durrani-X1-1982
Unit lc 2247.9 mm f'c 34.3 MPa
l'c 914.4 mm dbS 12.7 mm
lb 2495.5 mm hc 362 mm dbT 12.7 mm
l'b 1066.8 mm wc 362 mm #legsS 2
hb 419.1 mm bj 362 mm #legsT 1.41
wb 279.4 mm SetsS 2
db5A 25.4 mm SetsT 2
db1 22.225 mm db5B 25.4 mm sS 159 mm
db2 0 mm #5A 2 sT 159 mm
#1 4 #5B 1 AshS 507 mm
2
#2 0 As5A 1013 mm
2
AshT 357 mm
2
As1 1552 mm
2
As5B 507 mm
2
Ashp 864 mm
2
As2 0 mm
2
As5 1520 mm
2
SetseS 2
Astop 1552 mm
2
fy5A 414 MPa SetseT 2
fy1 331 MPa fy5B 414 MPa Ashpe 864 mm
2
fy2 0 MPa fy5 414 MPa fyS 352 MPa
fytop 331 MPa fyT 352 MPa
fu1 364 MPa db6 25.4 mm Vshp 304 kN
fu2 0 MPa db7 0 mm Vshpe 304 kN
futop 364 MPa db8 0 mm fyh 352 MPa
λ2top 1.10 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 0 αi
db4 19.05 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 819 1018 kN
#4 4 As6 1013 mm
2
vjho 6.25 7.77 MPa
As3 0 mm
2
As7 0 mm
2
6vjho/f'c 1.09 1.36 >0.85
As4 1140 mm
2
As8 0 mm
2
vjho/f'c 0.18 0.23
Asbot 1140 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 1013 mm
2
Ajh 2107 2619 mm
2
fy4 345 MPa fy6 414 MPa Vjh 741 921 kN
fybot 345 MPa fy7 0 MPa Vjh/Vjho 0.90 0.90
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.37 0.30
fu4 379 MPa fy9 0 MPa Vshpe/Vjho 0.37 0.30
fubot 379 MPa fyint 414 MPa Ashp/Ajh 0.41 0.33
λ2bot 1.10 Fint 419 kN Ashpe/Ajh 0.41 0.33
Fint/Vjv 0.442 Ajh<0.85 2107 2619 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 51.1 mm αv
d2 NA mm d5 52.7 mm Ajv 1382 1718 mm
2
d3 NA mm d6 181 mm Ajvp/Ajv 0.73 0.59
d4 369.5 mm d7 NA mm
d1-2 51.1 mm d8 NA mm
d3-4 369.5 mm d9 NA mm
d10 309.3 mm
d'1 368 mm
d'2 NA mm N/Agf'c 0.050
d'3 NA mm N 225 kN
d'4 49.6 mm
d'1-2 368 mm
d'3-4 49.6 mm
JointColumn
Beam
Durrani 1982
X1
Positive Curvature
Negative Curvature
0.67
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.32
6.86
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1552
Appendix C: Bond & Joint Failures
C-95
Durrani-X1-1982
Mcol(yc) 216 kNm Max db 22.23 mm dbC mm
Mcol(fc) 257 kNm hc/db 16.29 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 393 393 432 NA kN #LegsD
T- 513 513 565 NA kN AVpC mm
2
Mb+ 130 137 150 171 kNm AVpD mm
2
Mb- 166 175 192 218 kNm sVC mm
Vb+ 122 128 141 160 kN sVD mm
Vb- 156 164 180 204 kN fytC MPa
Mcol 141 148 163 185 kNm fytD MPa
Mcol/Mcol(yc) 0.65 0.69 0.76 0.86 VspC/sVC kN/m
Vcol 154 162 178 202 kN Δmax 62 mm VspD/sVD kN/m
Vjh 753 745 819 1018 kN Δy 22.2 mm Vsp/sV kN/m
Vshp/Vjh 0.40 0.41 0.37 0.30 Δy/lc 0.99 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.40 0.41 0.37 0.30 Max Crack Spalling mm Vb 180 204 kN
Vs
+
reqd 487 553 kN/m
Vs
-
reqd 489 555 kN/m
Vsreqd 489 555 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.10 0.97
3/4 Theoretical NA 18.5 0.0 5.24E-06 0.00E+00 0.8 0.8
Projected Yield NA 24.7 0.0 6.99E-06 0.00E+00 1.0 1.0
Max Shear 5 61.8 37.1 6.99E-06 1.02E-04 2.5 15.6 Comment Load Run
Failure/End 9 101.0 76.3 6.99E-06 2.10E-04 4.1 31.1 Yes 10
35.5
3/4 Theoretical NA -14.8 0 -5.03E-06 0.00E+00 0.8 0.8 2
Projected Yield NA -19.7 0.0 -6.71E-06 0.00E+00 1.0 1.0 Yes 10
Max Shear 4 -50.8 -31.1 -6.71E-06 -8.55E-05 2.6 13.7 2/2 6
Failure/End 10 -101.6 -81.9 -6.71E-06 -2.25E-04 5.1 34.6 Hinging 1
Bottom Bars 9
Projected Yield NA 22.2 0.0 6.85E-06 0.00E+00 1.0 1.0 Shear 10
Failure/End 9-10 101.3 79.1 6.71E-06 2.18E-04 4.6 33.5
Adjusted Failure 9-10 106.4 84.2 6.71E-06 2.32E-04 4.8 35.5
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
9.525
2
0
NA
NA
337
NA
89
142.5
NA
Column Shear-Sway Data
Positive Deflection
1.09E-04
5.24E-06
6.99E-06
2.25E-04
2.38E-04
Averages
φ (mm
-1
)
-6.71E-06
-2.32E-04
6.85E-06
Failure Details
Bond Failure Location
Test Reached Failure
539
0
539
Joint Stirrups Yield
2.17E-04
-9.23E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-5.03E-06
Beam Failure Mode
Comments Loading Scenario
Diamond joint stirrups, result in reduced cross sectional 
area in plane of loading, hence the reduced #legs.
Shear cracks observed during testing and considering the 
low amount of beam shear reinforcement it is likely that a 
portion of the hysteric behaviour can be attributed to shear 
deformation of the beams.
Joint deterioration occurred rapidly after the fourth full 
cycle.  Which corresponds to the pinching of the hysteresis.
Bottom beam bar slippage began after the first full cycle.  It 
is noted that after the fourth full cycle the bars where 
freely moving through the joint.
The square stirrups yielded after the first full cycle and by 
the third cycle all stirrups had yielded.
Failure mode consisted of , plastic hinging of the beams 
with bond slip, yielding of all joint stirrups, leading to 
spalling of concrete core and excessive cracks, which 
reduced the concrete's ability to resist the shear stress 
induced.
Appendix C: Bond & Joint Failures
C-96
Durrani-X1-1982
Durrani 1982 X1
Comments
Yield of beam bars
14 Test end
Bond slip in bottom beam bars providing little resistance6
6 Yielding of joint stirrups resulting in loss of stiffness
Bond slip in bottom beam bars
Load Run
1
3
10 Extensive joint cracking leading to tensile failure
Vcol(fb)
0.9Vcol(M)
0.9Vcol(M)
Vcol(yb)
Vcol(fb)
Vcol(yb)
Appendix C: Bond & Joint Failures
C-97
Durrani-X3-1982
Unit lc 2247.9 mm f'c 31.0 MPa
l'c 914.4 mm dbS 12.7 mm
lb 2495.5 mm hc 362 mm dbT 12.7 mm
l'b 1066.8 mm wc 362 mm #legsS 2
hb 419.1 mm bj 362 mm #legsT 1.41
wb 279.4 mm SetsS 2
db5A 25.4 mm SetsT 2
db1 22.225 mm db5B 19.05 mm sS 159.2 mm
db2 0 mm #5A 2 sT 159.2 mm
#1 3 #5B 1 AshS 507 mm
2
#2 0 As5A 1013 mm
2
AshT 357 mm
2
As1 1164 mm
2
As5B 285 mm
2
Ashp 864 mm
2
As2 0 mm
2
As5 1298 mm
2
SetseS 1.97
Astop 1164 mm
2
fy5A 414 MPa SetseT 1.97
fy1 331 MPa fy5B 414 MPa Ashpe 851 mm
2
fy2 0 MPa fy5 414 MPa fyS 352 MPa
fytop 331 MPa fyT 352 MPa
fu1 364 MPa db6 19.05 mm Vshp 304 kN
fu2 0 MPa db7 0 mm Vshpe 299 kN
futop 364 MPa db8 0 mm fyh 352 MPa
λ2top 1.10 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 0 αi
db4 19.05 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 612 794 kN
#4 3 As6 570 mm
2
vjho 4.67 6.06 MPa
As3 0 mm
2
As7 0 mm
2
6vjho/f'c 0.90 1.17 >0.85
As4 855 mm
2
As8 0 mm
2
vjho/f'c 0.15 0.20
Asbot 855 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 570 mm
2
Ajh 1308 1696 mm
2
fy4 345 MPa fy6 414 MPa Vjh 460 596 kN
fybot 345 MPa fy7 0 MPa Vjh/Vjho 0.75 0.75
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.50 0.38
fu4 379 MPa fy9 0 MPa Vshpe/Vjho 0.49 0.38
fubot 379 MPa fyint 414 MPa Ashp/Ajh 0.66 0.51
λ2bot 1.10 Fint 236 kN Ashpe/Ajh 0.65 0.50
Fint/Vjv 0.333 Ajh<0.85 1308 1696 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 51.1 mm αv
d2 NA mm d5 52.7 mm Ajv 858 1112 mm
2
d3 NA mm d6 181 mm Ajvp/Ajv 0.66 0.51
d4 369.5 mm d7 NA mm
d1-2 51.1 mm d8 NA mm
d3-4 369.5 mm d9 NA mm
d10 309.3 mm
d'1 368 mm
d'2 NA mm N/Agf'c 0.050
d'3 NA mm N 203 kN
d'4 49.6 mm
d'1-2 368 mm
d'3-4 49.6 mm
JointColumnDurrani 1982
X3
Beam
Positive Curvature
Negative Curvature
0.67
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.32
6.2
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1164
Appendix C: Bond & Joint Failures
C-98
Durrani-X3-1982
Mcol(yc) 182 kNm Max db 22.23 mm dbC mm
Mcol(fc) 208 kNm hc/db 16.29 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 295 295 324 NA kN #LegsD
T- 385 385 424 NA kN AVpC mm
2
Mb+ 98 104 114 133 kNm AVpD mm
2
Mb- 126 133 146 170 kNm sVC mm
Vb+ 92 98 107 125 kN sVD mm
Vb- 118 124 137 159 kN fytC MPa
Mcol 107 113 124 144 kNm fytD MPa
Mcol/Mcol(yc) 0.58 0.62 0.68 0.79 VspC/sVC kN/m
Vcol 117 123 135 158 kN Δmax 101 mm VspD/sVD kN/m
Vjh 563 557 612 794 kN Δy 22.5 mm Vsp/sV kN/m
Vshp/Vjh 0.54 0.55 0.50 0.38 Δy/lc 1.00 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.53 0.54 0.49 0.38 Max Crack Spalling mm Vb 137 159 kN
Vs
+
reqd 370 431 kN/m
Vs
-
reqd 371 432 kN/m
Vsreqd 371 432 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.45 1.25
3/4 Theoretical NA 12.5 0.0 5.24E-06 0.00E+00 0.8 0.8
Projected Yield NA 16.6 0.0 6.99E-06 0.00E+00 1.0 1.0
Max Shear 7 74.7 58.1 6.99E-06 1.60E-04 4.5 23.9 Comment Load Run
Failure/End 13 128.7 112.1 6.99E-06 3.09E-04 7.8 45.2 Yes 13
43.9
3/4 Theoretical NA -21.2 0 -5.03E-06 0.00E+00 0.8 0.8 1
Projected Yield NA -28.3 0.0 -6.71E-06 0.00E+00 1.0 1.0 None
Max Shear 10 -101.0 -72.7 -6.71E-06 -2.00E-04 3.6 30.8 2/2 10
Failure/End 12 -125.3 -97.0 -6.71E-06 -2.67E-04 4.4 40.8 Plastic Hinges 1
Unknown 7
Projected Yield NA 22.5 0.0 6.85E-06 0.00E+00 1.0 1.0 Shear 13
Failure/End 12-13 127.0 104.6 6.71E-06 2.88E-04 5.7 43.9
Adjusted Failure 12-13 127.0 104.6 6.71E-06 2.88E-04 5.7 43.9
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
9.525
2
0
89
NA
NA
337
142.5
NA
Column Shear-Sway Data
Positive Deflection
1.67E-04
5.24E-06
6.99E-06
2.95E-04
2.95E-04
Averages
φ (mm
-1
)
-6.71E-06
-2.74E-04
6.85E-06
Failure Details
Bond Failure Location
Test Reached Failure
539
0
539
Joint Stirrups Yield
3.16E-04
-2.07E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-5.03E-06
Beam Failure Mode
Comments Loading Scenario
Diamond joint stirrups, result in reduced cross sectional 
area in plane of loading, hence the reduced #legs.
Cracking occurred in the beams plastic hinges within the 
first cycle.  Cracking in the joint was reduced until the sixth 
cycle.
All stirrups yielded after the fifth full cycle.
Pinching of hysteresis noticeable in load run 7, suggesting 
either bond failure or joint degradation.
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C-99
Durrani-X3-1982
14 Test end
Durrani 1982 X3
CommentsLoad Run
13 Extensive joint cracking leading to tensile failure
Yield of beam bars
Yielding of joint stirrups resulting in loss of stiffness
1
6
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Appendix C: Bond & Joint Failures
C-100
Lin-Unit 8-2000
Unit lc 2450 mm f'c 33.2 MPa
l'c 950 mm dbS 10 mm
lb 3190 mm hc 390 mm dbT 10 mm
l'b 1400 mm wc 390 mm #legsS 2
hb 550 mm bj 390 mm #legsT 2
wb 300 mm SetsS 5
db5A 16 mm SetsT 5
db1 12 mm db5B 16 mm sS 72 mm
db2 12 mm #5A 2 sT 72 mm
#1 4 #5B 2 AshS 785 mm
2
#2 4 As5A 402 mm
2
AshT 785 mm
2
As1 452 mm
2
As5B 402 mm
2
Ashp 1571 mm
2
As2 452 mm
2
As5 804 mm
2
SetseS 4.81
Astop 905 mm
2
fy5A 518 MPa SetseT 4.81
fy1 525 MPa fy5B 518 MPa Ashpe 1511 mm
2
fy2 525 MPa fy5 518 MPa fyS 354 MPa
fytop 525 MPa fyT 354 MPa
fu1 656 MPa db6 16 mm Vshp 556 kN
fu2 656 MPa db7 16 mm Vshpe 535 kN
futop 656 MPa db8 0 mm fyh 354 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 12 mm
2
#7 2 αi
db4 12 mm
2
#8 0 0.2f'c MPa
#3 4 #9 0 Vjho 920 818 kN
#4 4 As6 402 mm
2
vjho 6.05 5.38 MPa
As3 452 mm
2
As7 402 mm
2
6vjho/f'c 1.09 0.97 >0.85
As4 452 mm
2
As8 0 mm
2
vjho/f'c 0.18 0.16
Asbot 905 mm
2
As9 0 mm
2
As mm
2
fy3 525 MPa Asint 804 mm
2
Ajh 1819 1617 mm
2
fy4 525 MPa fy6 518 MPa Vjh 644 572 kN
fybot 525 MPa fy7 518 MPa Vjh/Vjho 0.70 0.70
fu3 656 MPa fy8 0 MPa Vshp/Vjho 0.60 0.68
fu4 656 MPa fy9 0 MPa Vshpe/Vjho 0.58 0.65
fubot 656 MPa fyint 518 MPa Ashp/Ajh 0.86 0.97
λ2bot 1.25 Fint 417 kN Ashpe/Ajh 0.83 0.93
Fint/Vjv 0.321 Ajh<0.85 1819 1617 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 30 mm αv
d2 62 mm d5 43 mm Ajv 1115 992 mm
2
d3 488 mm d6 144 mm Ajvp/Ajv 0.72 0.81
d4 520 mm d7 246 mm
d1-2 46 mm d8 NA mm
d3-4 504 mm d9 NA mm
d10 347 mm
d'1 520 mm
d'2 488 mm N/Agf'c 0.100
d'3 62 mm N 505 kN
d'4 30 mm
d'1-2 504 mm
d'3-4 46 mm
JointColumn
Beam
Lin 2000
Unit 8
Positive Curvature
Negative Curvature
0.64
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.24
6.64
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
905
Appendix C: Bond & Joint Failures
C-101
Lin-Unit 8-2000
Mcol(yc) 227 kNm Max db 12.00 mm dbC mm
Mcol(fc) 261 kNm hc/db 32.50 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 456 475 594 NA kN #LegsD
T- 456 475 594 NA kN AVpC mm
2
Mb+ 212 230 288 238 kNm AVpD mm
2
Mb- 212 230 288 238 kNm sVC mm
Vb+ 152 164 206 170 kN sVD mm
Vb- 152 164 206 170 kN fytC MPa
Mcol 188 203 254 210 kNm fytD MPa
Mcol/Mcol(yc) 0.83 0.90 1.12 0.93 VspC/sVC kN/m
Vcol 197 214 268 221 kN Δmax 94 mm VspD/sVD kN/m
Vjh 715 736 920 818 kN Δy 23.4 mm Vsp/sV kN/m
Vshp/Vjh 0.78 0.76 0.60 0.68 Δy/lc 0.95 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.75 0.73 0.58 0.65 Max Crack Spalling mm Vb 206 170 kN
Vs
+
reqd 408 337 kN/m
Vs
-
reqd 408 337 kN/m
Vsreqd 408 337 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.08 1.31
3/4 Theoretical NA 17.7 0.0 6.09E-06 0.00E+00 0.8 0.8
Projected Yield NA 23.5 0.0 8.11E-06 0.00E+00 1.0 1.0
Max Shear 9 93.9 70.4 8.11E-06 1.32E-04 4.0 17.3 Comment Load Run
Failure/End 13 143.3 119.8 8.11E-06 2.25E-04 6.1 28.7 Yes 13
23.2
3/4 Theoretical NA -17.4 0 -6.09E-06 0.00E+00 0.8 0.8 1
Projected Yield NA -23.2 0.0 -8.11E-06 0.00E+00 1.0 1.0 None
Max Shear 6 -47.3 -24.1 -8.11E-06 -4.52E-05 2.0 6.6 3/5 9
Failure/End 12 -95.4 -72.2 -8.11E-06 -1.35E-04 4.1 17.7 Hinging
Upper & Lower 9
Projected Yield NA 23.4 0.0 8.11E-06 0.00E+00 1.0 1.0 Shear 13
Failure/End 12-13 119.4 96.0 8.11E-06 1.80E-04 5.1 23.2
Adjusted Failure 12-13 119.4 96.0 8.11E-06 1.80E-04 5.1 23.2
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
6
4
NA
NA
NA
352
NA
90
113.1
NA
Column Shear-Sway Data
Positive Deflection
1.40E-04
6.09E-06
8.11E-06
1.88E-04
1.88E-04
Averages
φ (mm
-1
)
-8.11E-06
-1.43E-04
8.11E-06
Failure Details
Bond Failure Location
Test Reached Failure
442
0
442
Joint Stirrups Yield
2.33E-04
-5.33E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-6.09E-06
Beam Failure Mode
Comments Loading Scenario
Grouted column bars around the joint zone.
Bond slip occurred around the upper beam bars in load run 
9, pinching the hysteretic behaviour.  Crushing of the joint 
corners occurred after bond failure.
Yielding of 3/5 joint stirrups occurred in load run 9.
Failure due to beam deterioration from bond slip combined 
with shear failure of the joint core concrete due to 
crushing.
Appendix C: Bond & Joint Failures
C-102
Lin-Unit 8-2000
16
13
Test end
Lin 2000 Unit 8
Comments
Elastic loading
Bond slip of upper  and lower bars
Failure due to shear failure of the joint with beam bond failure
Load Run
1-4
9
Vcol(yb)0.9Vcol(M)
Vcol(fb)
Vcol(yb) 0.9Vcol(M)
Vcol(fb)
Appendix C: Bond & Joint Failures
C-103
Meinheit-II-1977
Unit lc 3658 mm f'c 41.78 MPa
l'c 1600 mm dbS 12.7 mm
lb 4876 mm hc 457 mm dbT 0 mm
l'b 2209 mm wc 330 mm #legsS 2
hb 457 mm bj 330 mm #legsT 0
wb 279 mm SetsS 2
db5A 32.26 mm SetsT 0
db1 32.26 mm db5B 0 mm sS 152.4 mm
db2 0 mm #5A 2 sT 0 mm
#1 3 #5B 0 AshS 507 mm
2
#2 0 As5A 1635 mm
2
AshT 0 mm
2
As1 2452 mm
2
As5B 0 mm
2
Ashp 507 mm
2
As2 0 mm
2
As5 1635 mm
2
SetseS 2
Astop 2452 mm
2
fy5A 449 MPa SetseT 0
fy1 449 MPa fy5B 0 MPa Ashpe 507 mm
2
fy2 0 MPa fy5 449 MPa fyS 409 MPa
fytop 449 MPa fyT 0 MPa
fu1 561 MPa db6 32.26 mm Vshp 207 kN
fu2 0 MPa db7 32.26 mm Vshpe 207 kN
futop 561 MPa db8 0 mm fyh 409 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 25.4 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 1917 1615 kN
#4 3 As6 1635 mm
2
vjho 12.71 10.71 MPa
As3 0 mm
2
As7 1635 mm
2
6vjho/f'c 1.83 1.54 >0.85
As4 1520 mm
2
As8 0 mm
2
vjho/f'c 0.30 0.26
Asbot 1520 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 3269 mm
2
Ajh 4882 4112 mm
2
fy4 405 MPa fy6 449 MPa Vjh 1996 1681 kN
fybot 405 MPa fy7 449 MPa Vjh/Vjho 1.04 1.04
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.11 0.13
fu4 507 MPa fy9 0 MPa Vshpe/Vjho 0.11 0.13
fubot 507 MPa fyint 449 MPa Ashp/Ajh 0.10 0.12
λ2bot 1.25 Fint 1467 kN Ashpe/Ajh 0.10 0.12
Fint/Vjv 0.765 Ajh<0.85 4882 4112 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 66.93 mm αv
d2 NA mm d5 66.7 mm Ajv 2483 2091 mm
2
d3 NA mm d6 174.7 mm Ajvp/Ajv 1.32 1.56
d4 393.7 mm d7 282.7 mm
d1-2 66.93 mm d8 NA mm
d3-4 393.7 mm d9 NA mm
d10 390.5 mm
d'1 390.07 mm
d'2 NA mm N/Agf'c 0.254
d'3 NA mm N 1600 kN
d'4 63.3 mm
d'1-2 390.1 mm
d'3-4 63.3 mm
JointColumnMeinheit 1977
II
Beam
Positive Curvature
Negative Curvature
0.56
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
0.99
8.356
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
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Appendix C: Bond & Joint Failures
C-104
Meinheit-II-1977
Mcol(yc) 528 kNm Max db 32.26 mm dbC mm
Mcol(fc) 559 kNm hc/db 14.17 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 616 616 770 NA kN #LegsD
T- 1101 1101 1376 NA kN AVpC mm
2
Mb+ 214 225 282 235 kNm AVpD mm
2
Mb- 366 381 476 350 kNm sVC mm
Vb+ 97 102 127 106 kN sVD mm
Vb- 166 173 216 159 kN fytC MPa
Mcol 280 293 366 283 kNm fytD MPa
Mcol/Mcol(yc) 0.53 0.55 0.69 0.54 VspC/sVC kN/m
Vcol 175 183 229 177 kN Δmax 131 mm VspD/sVD kN/m
Vjh 1542 1534 1917 1615 kN Δy 57.6 mm Vsp/sV kN/m
Vshp/Vjh 0.13 0.14 0.11 0.13 Δy/lc 1.57 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.13 0.14 0.11 0.13 Max Crack NA mm Vb 216 159 kN
Vs
+
reqd 548 403 kN/m
Vs
-
reqd 553 407 kN/m
Vsreqd 553 407 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.25 1.70
3/4 Theoretical NA 44.2 0.0 5.56E-06 0.00E+00 0.7 0.7
Projected Yield NA 59.9 0.0 7.54E-06 0.00E+00 1.0 1.0
Max Shear 3 107.8 47.9 7.54E-06 6.67E-05 1.8 9.8 Comment Load Run
Failure/End 3 107.8 47.9 7.54E-06 6.67E-05 1.8 9.8 Yes 4
12.3
3/4 Theoretical NA -33.8 0 -5.11E-06 0.00E+00 0.6 0.6 2
Projected Yield NA -55.2 0.0 -8.35E-06 0.00E+00 1.0 1.0 None
Max Shear 4 -131.2 -76.0 -8.35E-06 -1.06E-04 2.4 13.7 NA
Failure/End 4 -131.2 -76.0 -8.35E-06 -1.06E-04 2.4 13.7 Plastic Hinging
Upper 3
Projected Yield NA 57.6 0.0 7.94E-06 0.00E+00 1.0 1.0 Shear 4
Failure/End 3-4 119.5 62.0 8.35E-06 8.63E-05 2.1 11.3
Adjusted Failure 3-4 125.5 67.9 8.35E-06 9.46E-05 2.2 12.3
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
9.525
NA
100
NA
485
142.5
NA
Column Shear-Sway Data
Positive Deflection
7.42E-05
5.56E-06
7.54E-06
9.46E-05
1.03E-04
Averages
φ (mm
-1
)
-8.35E-06
-1.14E-04
7.94E-06
Failure Details
Bond Failure Location
Test Reached Failure
691
0
691
Joint Stirrups Yield
7.42E-05
-1.14E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-5.11E-06
Beam Failure Mode
Comments Loading Scenario
Joint failed in shear after a plastic hinge formed in one of 
the beams.  In load cycle 3 the upper beam reinforcement 
slipped through the joint preventing the plastic hinge from 
forming in the other beam.
Stirrup strains were not recorded.
As one of the beams had a bond slip failure it did not reach 
its full yield moment and thus the forces introduced into 
the joint were below expected.
Loading is done with three complete cycles.  Cycle 1 is 
loaded until a visible shear crack is evident in the joint or 
50% of the theoretical yield load.  Cycle 2 is loaded until the 
maximum joint shear is found.  Cycle 3 is loaded until the 
new maximum joint shear is found.
Appendix C: Bond & Joint Failures
C-105
Meinheit-II-1977
4
4
Shear failure of joint
Meinheit 1977 II
Comments
Elastic range
Bond slip of East beam upper bars
Bond slip of West beam upper bars
Load Run
1-2
3
Appendix C: Bond & Joint Failures
C-106
Meinheit-V-1977
Unit lc 3658 mm f'c 35.9 MPa
l'c 1600 mm dbS 12.7 mm
lb 4876 mm hc 457 mm dbT 0 mm
l'b 2209 mm wc 330 mm #legsS 2
hb 457 mm bj 330 mm #legsT 0
wb 279 mm SetsS 2
db5A 32.26 mm SetsT 0
db1 32.26 mm db5B 0 mm sS 152.4 mm
db2 0 mm #5A 2 sT 0 mm
#1 3 #5B 0 AshS 507 mm
2
#2 0 As5A 1635 mm
2
AshT 0 mm
2
As1 2452 mm
2
As5B 0 mm
2
Ashp 507 mm
2
As2 0 mm
2
As5 1635 mm
2
SetseS 2
Astop 2452 mm
2
fy5A 449 MPa SetseT 0
fy1 449 MPa fy5B 0 MPa Ashpe 507 mm
2
fy2 0 MPa fy5 449 MPa fyS 409 MPa
fytop 449 MPa fyT 0 MPa
fu1 561 MPa db6 32.26 mm Vshp 207 kN
fu2 0 MPa db7 32.26 mm Vshpe 207 kN
futop 561 MPa db8 0 mm fyh 409 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 25.4 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 1920 1547 kN
#4 3 As6 1635 mm
2
vjho 12.73 10.26 MPa
As3 0 mm
2
As7 1635 mm
2
6vjho/f'c 2.13 1.71 >0.85
As4 1520 mm
2
As8 0 mm
2
vjho/f'c 0.35 0.29
Asbot 1520 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 3269 mm
2
Ajh 7650 6163 mm
2
fy4 405 MPa fy6 449 MPa Vjh 3128 2520 kN
fybot 405 MPa fy7 449 MPa Vjh/Vjho 1.63 1.63
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.11 0.13
fu4 507 MPa fy9 0 MPa Vshpe/Vjho 0.11 0.13
fubot 507 MPa fyint 449 MPa Ashp/Ajh 0.07 0.08
λ2bot 1.25 Fint 1467 kN Ashpe/Ajh 0.07 0.08
Fint/Vjv 0.764 Ajh<0.85 7650 6163 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 66.93 mm αv
d2 NA mm d5 66.7 mm Ajv 4692 3779 mm
2
d3 NA mm d6 174.7 mm Ajvp/Ajv 0.70 0.87
d4 393.7 mm d7 282.7 mm
d1-2 66.93 mm d8 NA mm
d3-4 393.7 mm d9 NA mm
d10 390.5 mm
d'1 390.07 mm
d'2 NA mm N/Agf'c 0.040
d'3 NA mm N 217 kN
d'4 63.3 mm
d'1-2 390.1 mm
d'3-4 63.3 mm
JointColumnMeinheit 1977
V
Beam
Positive Curvature
Negative Curvature
0.67
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.34
7.18
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
2452
Appendix C: Bond & Joint Failures
C-107
Meinheit-V-1977
Mcol(yc) 372 kNm Max db 32.26 mm dbC mm
Mcol(fc) 461 kNm hc/db 14.17 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 616 616 770 NA kN #LegsD
T- 1101 1101 1376 NA kN AVpC mm
2
Mb+ 213 222 278 224 kNm AVpD mm
2
Mb- 364 377 471 336 kNm sVC mm
Vb+ 96 101 126 102 kN sVD mm
Vb- 165 171 213 152 kN fytC MPa
Mcol 278 289 362 271 kNm fytD MPa
Mcol/Mcol(yc) 0.75 0.78 0.97 0.73 VspC/sVC kN/m
Vcol 174 181 226 169 kN Δmax 135 mm VspD/sVD kN/m
Vjh 1543 1536 1920 1547 kN Δy 80.7 mm Vsp/sV kN/m
Vshp/Vjh 0.13 0.13 0.11 0.13 Δy/lc 2.21 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.13 0.13 0.11 0.13 Max Crack NA mm Vb 213 152 kN
Vs
+
reqd 542 387 kN/m
Vs
-
reqd 547 390 kN/m
Vsreqd 547 390 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.26 1.77
3/4 Theoretical NA 58.6 0.0 5.52E-06 0.00E+00 0.7 0.7
Projected Yield NA 80.1 0.0 7.54E-06 0.00E+00 1.0 1.0
Max Shear 3 108.6 28.5 7.54E-06 3.97E-05 1.4 6.3 Comment Load Run
Failure/End 5 206.8 126.7 7.54E-06 1.76E-04 2.6 24.4 Yes 5
16.0
3/4 Theoretical NA -50.3 0 -5.16E-06 0.00E+00 0.6 0.6 1
Projected Yield NA -81.3 0.0 -8.35E-06 0.00E+00 1.0 1.0 None
Max Shear 4 -134.9 -53.6 -8.35E-06 -7.46E-05 1.7 9.9 NA
Failure/End 4 -134.9 -53.6 -8.35E-06 -7.46E-05 1.7 9.9 None
Upper 3
Projected Yield NA 80.7 0.0 7.94E-06 0.00E+00 1.0 1.0 Shear 5
Failure/End 4-5 170.9 90.2 8.35E-06 1.26E-04 2.1 16.0
Adjusted Failure 4-5 170.9 90.2 8.35E-06 1.26E-04 2.1 16.0
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
9.525
NA
100
NA
485
142.5
NA
Column Shear-Sway Data
Positive Deflection
4.72E-05
5.52E-06
7.54E-06
1.34E-04
1.34E-04
Averages
φ (mm
-1
)
-8.35E-06
-8.30E-05
7.94E-06
Failure Details
Bond Failure Location
Test Reached Failure
691
0
691
Joint Stirrups Yield
1.84E-04
-8.30E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-5.16E-06
Beam Failure Mode
Comments Loading Scenario
Joint failed in shear after a plastic hinge formed in one of 
the beams.  In load cycle 3 the upper beam reinforcement 
slipped through the joint preventing the plastic hinge from 
forming in the other beam.
Stirrup strains were not recorded.
As one of the beams had a bond slip failure it did not reach 
its full yield moment and thus the forces introduced into 
the joint were below expected.
Loading is done with three complete cycles.  Cycle 1 is 
loaded until a visible shear crack is evident in the joint or 
50% of the theoretical yield load.  Cycle 2 is loaded until the 
maximum joint shear is found.  Cycle 3 is loaded until the 
new maximum joint shear is found.
Appendix C: Bond & Joint Failures
C-108
Meinheit-V-1977
5
4
Shear failure of joint
Meinheit 1977 V
Comments
Elastic range
Bond slip of East beam upper bars
Bond slip of West beam upper bars
Load Run
1-2
3
Appendix C: Bond & Joint Failures
C-109
Meinheit-XII-1977
Unit lc 3658 mm f'c 35.16 MPa
l'c 1600 mm dbS 15.875 mm
lb 4876 mm hc 457 mm dbT 0 mm
l'b 2209 mm wc 330 mm #legsS 2
hb 457 mm bj 330 mm #legsT 0
wb 279 mm SetsS 6
db5A 32.26 mm SetsT 0
db1 32.26 mm db5B 0 mm sS 50.8 mm
db2 0 mm #5A 2 sT 0 mm
#1 3 #5B 0 AshS 2375 mm
2
#2 0 As5A 1635 mm
2
AshT 0 mm
2
As1 2452 mm
2
As5B 0 mm
2
Ashp 2375 mm
2
As2 0 mm
2
As5 1635 mm
2
SetseS 5.56
Astop 2452 mm
2
fy5A 449 MPa SetseT 0
fy1 449 MPa fy5B 0 MPa Ashpe 2201 mm
2
fy2 0 MPa fy5 449 MPa fyS 423 MPa
fytop 449 MPa fyT 0 MPa
fu1 561 MPa db6 32.26 mm Vshp 1004 kN
fu2 0 MPa db7 32.26 mm Vshpe 930 kN
futop 561 MPa db8 0 mm fyh 423 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 25.4 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 1920 1945 kN
#4 3 As6 1635 mm
2
vjho 12.73 12.90 MPa
As3 0 mm
2
As7 1635 mm
2
6vjho/f'c 2.17 2.20 >0.85
As4 1520 mm
2
As8 0 mm
2
vjho/f'c 0.36 0.37
Asbot 1520 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 3269 mm
2
Ajh 5160 5227 mm
2
fy4 405 MPa fy6 449 MPa Vjh 2181 2209 kN
fybot 405 MPa fy7 449 MPa Vjh/Vjho 1.14 1.14
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.52 0.52
fu4 507 MPa fy9 0 MPa Vshpe/Vjho 0.48 0.48
fubot 507 MPa fyint 449 MPa Ashp/Ajh 0.46 0.45
λ2bot 1.25 Fint 1467 kN Ashpe/Ajh 0.43 0.42
Fint/Vjv 0.764 Ajh<0.85 5160 5227 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 66.93 mm αv
d2 NA mm d5 66.7 mm Ajv 2606 2640 mm
2
d3 NA mm d6 174.7 mm Ajvp/Ajv 1.25 1.24
d4 393.7 mm d7 282.7 mm
d1-2 66.93 mm d8 NA mm
d3-4 393.7 mm d9 NA mm
d10 390.5 mm
d'1 390.07 mm
d'2 NA mm N/Agf'c 0.305
d'3 NA mm N 1617 kN
d'4 63.3 mm
d'1-2 390.07 mm
d'3-4 63.3 mm
JointColumn
Beam
Meinheit 1977
XII
Positive Curvature
Negative Curvature
0.54
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
0.91
7.032
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
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Appendix C: Bond & Joint Failures
C-110
Meinheit-XII-1977
Mcol(yc) 509 kNm Max db 32.26 mm dbC mm
Mcol(fc) 523 kNm hc/db 14.17 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 616 616 770 NA kN #LegsD
T- 1101 1101 1376 NA kN AVpC mm
2
Mb+ 213 222 277 228 kNm AVpD mm
2
Mb- 363 377 471 477 kNm sVC mm
Vb+ 96 100 126 103 kN sVD mm
Vb- 164 170 213 216 kN fytC MPa
Mcol 278 289 361 340 kNm fytD MPa
Mcol/Mcol(yc) 0.55 0.57 0.71 0.67 VspC/sVC kN/m
Vcol 174 181 226 213 kN Δmax 160 mm VspD/sVD kN/m
Vjh 1543 1536 1920 1945 kN Δy 48.2 mm Vsp/sV kN/m
Vshp/Vjh 0.65 0.65 0.52 0.52 Δy/lc 1.32 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.60 0.61 0.48 0.48 Max Crack NA mm Vb 213 216 kN
Vs
+
reqd 541 549 kN/m
Vs
-
reqd 546 554 kN/m
Vsreqd 546 554 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.26 1.25
3/4 Theoretical NA 33.9 0.0 5.67E-06 0.00E+00 0.8 0.8
Projected Yield NA 45.1 0.0 7.54E-06 0.00E+00 1.0 1.0
Max Shear 3 114.1 69.0 7.54E-06 9.61E-05 2.5 13.7 Comment Load Run
Failure/End 5 201.1 156.0 7.54E-06 2.17E-04 4.5 29.8 Yes 5
23.0
3/4 Theoretical NA -31.2 0 -5.09E-06 0.00E+00 0.6 0.6 1
Projected Yield NA -51.2 0.0 -8.35E-06 0.00E+00 1.0 1.0 None
Max Shear 4 -159.6 -108.4 -8.35E-06 -1.51E-04 3.1 19.1 NA
Failure/End 4 -159.2 -108.0 -8.35E-06 -1.50E-04 3.1 19.0 Plastic Hinging
Upper & Lower 5
Projected Yield NA 48.2 0.0 7.94E-06 0.00E+00 1.0 1.0 Shear 5
Failure/End 4-5 180.1 132.0 8.35E-06 1.84E-04 3.7 23.0
Adjusted Failure 4-5 180.1 132.0 8.35E-06 1.84E-04 3.7 23.0
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
9.525
2
NA
NA
NA
485
NA
100
142.5
NA
Column Shear-Sway Data
Positive Deflection
1.04E-04
5.67E-06
7.54E-06
1.92E-04
1.92E-04
Averages
φ (mm
-1
)
-8.35E-06
-1.59E-04
7.94E-06
Failure Details
Bond Failure Location
Test Reached Failure
691
0
691
Joint Stirrups Yield
2.25E-04
-1.59E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-5.09E-06
Beam Failure Mode
Comments Loading Scenario
The joint failed in shear after the plastic changes formed in 
the beams.
Stirrup strains were not recorded.
As the beams reached yield and had some strain hardening.
Bond failure occurred in the 5th load run and overall failure 
was due to shear in the joint.
Loading is done with three complete cycles.  Cycle 1 is 
loaded until a visible shear crack is evident in the joint or 
50% of the theoretical yield load.  Cycle 2 is loaded until the 
maximum joint shear is found.  Cycle 3 is loaded until the 
new maximum joint shear is found.
Appendix C: Bond & Joint Failures
C-111
Meinheit-XII-1977
6
5
Test end
Meinheit 1977 XII
Comments
Elastic range
Bond slip of beam bars
Shear failure of joint
Load Run
1-2
5
Appendix C: Bond & Joint Failures
C-112
Shiohara-B01-2009
Unit lc 1400 mm f'c 29 MPa
l'c 580 mm dbS 6 mm
lb 1400 mm hc 240 mm dbT 0 mm
l'b 580 mm wc 240 mm #legsS 2
hb 240 mm bj 240 mm #legsT 0
wb 240 mm SetsS 2
db5A 13 mm SetsT 0
db1 13 mm db5B 13 mm sS NA mm
db2 0 mm #5A 2 sT NA mm
#1 4 #5B 2 AshS 113 mm
2
#2 0 As5A 265 mm
2
AshT 0 mm
2
As1 531 mm
2
As5B 265 mm
2
Ashp 113 mm
2
As2 0 mm
2
As5 531 mm
2
SetseS 2
Astop 531 mm
2
fy5A 378 MPa SetseT 0
fy1 378 MPa fy5B 378 MPa Ashpe 113 mm
2
fy2 0 MPa fy5 378 MPa fyS 399 MPa
fytop 378 MPa fyT 0 MPa
fu1 416 MPa db6 0 mm Vshp 45 kN
fu2 0 MPa db7 0 mm Vshpe 45 kN
futop 416 MPa db8 0 mm fyh 399 MPa
λ2top 1.10 db9 0 mm
#6 0 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 0 αi
db4 13 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 365 333 kN
#4 4 As6 0 mm
2
vjho 6.33 5.78 MPa
As3 0 mm
2
As7 0 mm
2
6vjho/f'c 1.31 1.19 >0.85
As4 531 mm
2
As8 0 mm
2
vjho/f'c 0.22 0.20
Asbot 531 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 0 mm
2
Ajh 923 841 mm
2
fy4 378 MPa fy6 0 MPa Vjh 368 336 kN
fybot 378 MPa fy7 0 MPa Vjh/Vjho 1.01 1.01
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.12 0.14
fu4 416 MPa fy9 0 MPa Vshpe/Vjho 0.12 0.14
fubot 416 MPa fyint 0 MPa Ashp/Ajh 0.12 0.13
λ2bot 1.10 Fint 0 kN Ashpe/Ajh 0.12 0.13
Fint/Vjv 0.000 Ajh<0.85 923 841 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 24 mm αv
d2 NA mm d5 24 mm Ajv NA NA mm
2
d3 NA mm d6 NA mm Ajvp/Ajv NA NA
d4 216 mm d7 NA mm
d1-2 24 mm d8 NA mm
d3-4 216 mm d9 NA mm
d10 216 mm
d'1 216 mm
d'2 NA mm N/Agf'c 0.000
d'3 NA mm N 0 kN
d'4 24 mm
d'1-2 216 mm
d'3-4 24 mm
JointColumn
Beam
Shiohara 2009
B01
Positive Curvature
Negative Curvature
0.70
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.40
5.8
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
531
Appendix C: Bond & Joint Failures
C-113
Shiohara-B01-2009
Mcol(yc) 39 kNm Max db 13.00 mm dbC mm
Mcol(fc) 40 kNm hc/db 18.46 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 201 201 221 NA kN #LegsD
T- 201 201 221 NA kN AVpC mm
2
Mb+ 39 40 44 38 kNm AVpD mm
2
Mb- 39 40 44 38 kNm sVC mm
Vb+ 67 70 77 66 kN sVD mm
Vb- 67 70 77 66 kN fytC MPa
Mcol 39 40 44 38 kNm fytD MPa
Mcol/Mcol(yc) 1.00 1.04 1.14 0.98 VspC/sVC kN/m
Vcol 67 70 77 66 kN Δmax 42 mm VspD/sVD kN/m
Vjh 334 332 365 333 kN Δy 16.0 mm Vsp/sV kN/m
Vshp/Vjh 0.14 0.14 0.12 0.14 Δy/lc 1.14 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.14 0.14 0.12 0.14 Max Crack NA mm Vb 77 66 kN
Vs
+
reqd 355 305 kN/m
Vs
-
reqd 355 305 kN/m
Vsreqd 355 305 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.27 1.48
3/4 Theoretical NA 12.5 0.0 1.00E-05 0.00E+00 0.8 0.8
Projected Yield NA 16.6 0.0 1.34E-05 0.00E+00 1.0 1.0
Max Shear 23 42.0 25.4 1.34E-05 2.03E-04 2.5 16.2 Comment Load Run
Failure/End 25 42.0 25.4 1.34E-05 2.03E-04 2.5 16.2 Yes 25
19.1
3/4 Theoretical NA -11.6 0 -1.00E-05 0.00E+00 0.8 0.8 3
Projected Yield NA -15.4 0.0 -1.34E-05 0.00E+00 1.0 1.0 None
Max Shear 16 -21.1 -5.7 -1.34E-05 -4.59E-05 1.4 4.4 NA
Failure/End 24 -42.0 -26.6 -1.34E-05 -2.13E-04 2.7 16.9 Hinging 11
Unknown 19
Projected Yield NA 16.0 0.0 1.34E-05 0.00E+00 1.0 1.0 Shear 25
Failure/End 24-25 42.0 26.0 1.34E-05 2.08E-04 2.6 16.6
Adjusted Failure 24-25 46.3 30.3 1.34E-05 2.43E-04 2.9 19.1
Load Run θ Load Run θ
1 x 15 1/67 x = load controlled prior to cracking
2 x 16 1/67
3 1/400 17 1/67
4 1/400 18 1/67
5 1/400 19 1/50
6 1/400 20 1/50
7 1/200 21 1/50
8 1/200 22 1/50
9 1/200 23 1/33
10 1/200 24 1/33
11 1/100 25 1/33
12 1/100 26 1/33
13 1/100
14 1/100
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
6
NA
50
NA
399
56.5
NA
Column Shear-Sway Data
Positive Deflection
2.17E-04
1.00E-05
1.34E-05
2.22E-04
2.56E-04
Averages
φ (mm
-1
)
-1.34E-05
-2.26E-04
1.34E-05
Failure Details
Bond Failure Location
Test Reached Failure
451
0
451
Joint Stirrups Yield
2.17E-04
-5.93E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-1.00E-05
Beam Failure Mode
Comments Loading Scenario
The lever arm between tension and compression zones is 
0.80h in both the beams and the columns.
No intermediate column bars are provided.
Stirrups in the joint yielded prior to the beam yielding.
Severe slip can be seen in the hysteresis from 
approximately load run 19 onwards, suggesting bond slip, 
joint cracking or a combination of the two.
The joint is reported to have large cracks in the beam 
column joint and few in the columns and beams suggesting 
a joint failure.
The beams did not reach full calculated flexural capacity, 
however they did yield.  Thus the failure here is defined as 
the point where 90% of the theoretical shear strength is no 
longer maintained.
Appendix C: Bond & Joint Failures
C-114
Shiohara-B01-2009
Test end
Shiohara 2009 B01
Comments
Elastic cycles
Joint yield
Load Run
1-6
7
26
11 Beam yield
17 Slip noticed, likely to be bond slip
25 Failure to meet 90% of max measured strength
Vcol(fb)
0.9Vcol(M)
Vcol(yb)
Vcol(fb)
Vcol(yb)
0.9Vcol(M)
Appendix C: Bond & Joint Failures
C-115
Xin-Unit 1-1992
Unit lc 2470 mm f'c 30.9 MPa
l'c 985 mm dbS 10 mm
lb 3500 mm hc 450 mm dbT 10 mm
l'b 1525 mm wc 300 mm #legsS 2
hb 500 mm bj 300 mm #legsT 2
wb 250 mm SetsS 5
db5A 28 mm SetsT 5
db1 12 mm db5B 24 mm sS 65 mm
db2 12 mm #5A 2 sT 65 mm
#1 5 #5B 1 AshS 785 mm
2
#2 2 As5A 1232 mm
2
AshT 675 mm
2
As1 565 mm
2
As5B 452 mm
2
Ashp 1461 mm
2
As2 226 mm
2
As5 1684 mm
2
SetseS 4.51
Astop 792 mm
2
fy5A 463 MPa SetseT 4.51
fy1 453 MPa fy5B 461 MPa Ashpe 1318 mm
2
fy2 453 MPa fy5 462 MPa fyS 348 MPa
fytop 453 MPa fyT 348 MPa
fu1 566 MPa db6 20 mm Vshp 508 kN
fu2 566 MPa db7 0 mm Vshpe 459 kN
futop 566 MPa db8 0 mm fyh 348 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 12 mm
2
#7 0 αi
db4 12 mm
2
#8 0 0.2f'c MPa
#3 2 #9 0 Vjho 721 729 kN
#4 5 As6 628 mm
2
vjho 5.34 5.40 MPa
As3 226 mm
2
As7 0 mm
2
6vjho/f'c 1.04 1.05 >0.85
As4 565 mm
2
As8 0 mm
2
vjho/f'c 0.17 0.17
Asbot 792 mm
2
As9 0 mm
2
As mm
2
fy3 453 MPa Asint 628 mm
2
Ajh 1496 1514 mm
2
fy4 453 MPa fy6 492 MPa Vjh 521 527 kN
fybot 453 MPa fy7 0 MPa Vjh/Vjho 0.72 0.72
fu3 566 MPa fy8 0 MPa Vshp/Vjho 0.71 0.70
fu4 566 MPa fy9 0 MPa Vshpe/Vjho 0.64 0.63
fubot 566 MPa fyint 492 MPa Ashp/Ajh 0.98 0.97
λ2bot 1.25 Fint 309 kN Ashpe/Ajh 0.88 0.87
Fint/Vjv 0.386 Ajh<0.85 1496 1514 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 50 mm αv
d2 87 mm d5 55 mm Ajv 823 833 mm
2
d3 413 mm d6 225 mm Ajvp/Ajv 0.76 0.75
d4 450 mm d7 NA mm
d1-2 60.6 mm d8 NA mm
d3-4 439.4 mm d9 NA mm
d10 395 mm
d'1 450 mm
d'2 413 mm N/Agf'c 0.000
d'3 87 mm N 0 kN
d'4 50 mm
d'1-2 439.4 mm
d'3-4 60.6 mm
Axial Stress
Column Bar Locations
From Edge of Column Face
792
Positive Curvature
Negative Curvature
0.70
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.40
6.18
Top Bars
JointColumnXin 1992
Unit 1
Beam
Appendix C: Bond & Joint Failures
C-116
Xin-Unit 1-1992
Mcol(yc) 286 kNm Max db 12.00 mm dbC mm
Mcol(fc) 328 kNm hc/db 37.50 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 347 359 448 NA kN #LegsD
T- 347 359 448 NA kN AVpC mm
2
Mb+ 139 151 189 168 kNm AVpD mm
2
Mb- 139 151 189 168 kNm sVC mm
Vb+ 91 99 124 110 kN sVD mm
Vb- 91 99 124 110 kN fytC MPa
Mcol 127 138 173 153 kNm fytD MPa
Mcol/Mcol(yc) 0.44 0.48 0.60 0.54 VspC/sVC kN/m
Vcol 129 140 175 156 kN Δmax 78 mm VspD/sVD kN/m
Vjh 566 577 721 729 kN Δy 22.1 mm Vsp/sV kN/m
Vshp/Vjh 0.90 0.88 0.71 0.70 Δy/lc 0.90 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.81 0.79 0.64 0.63 Max Crack Spalling mm Vb 124 110 kN
Vs
+
reqd 282 250 kN/m
Vs
-
reqd 282 250 kN/m
Vsreqd 282 250 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.02 1.15
3/4 Theoretical NA 17.8 0.0 5.78E-06 0.00E+00 0.8 0.8
Projected Yield NA 23.7 0.0 7.70E-06 0.00E+00 1.0 1.0
Max Shear 7 77.5 53.8 7.70E-06 1.09E-04 3.3 15.1 Comment Load Run
Failure/End 11 126.3 102.6 7.70E-06 2.08E-04 5.3 28.0 Yes 12
28.3
3/4 Theoretical NA -15.4 0 -5.78E-06 0.00E+00 0.8 0.8 2
Projected Yield NA -20.5 0.0 -7.70E-06 0.00E+00 1.0 1.0 NA
Max Shear 8 -72.5 -52.0 -7.70E-06 -1.05E-04 3.5 14.7 4/5 10
Failure/End 12 -113.7 -93.2 -7.70E-06 -1.89E-04 5.5 25.5 Hinging 3
Top and Bottom 10
Projected Yield NA 22.1 0.0 7.70E-06 0.00E+00 1.0 1.0 Shear 12
Failure/End 11-12 120.0 97.9 7.70E-06 1.98E-04 5.4 26.7
Adjusted Failure 11-12 126.0 103.9 7.70E-06 2.10E-04 5.7 28.3
Load Run θ Load Run θ
Joint Stirrups Yield
2.15E-04
-1.13E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-5.78E-06
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
288
0
288
2.06E-04
2.18E-04
Averages
φ (mm
-1
)
-7.70E-06
-1.96E-04
7.70E-06
Column Shear-Sway Data
Positive Deflection
1.17E-04
5.78E-06
7.70E-06
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
6
NA
70
NA
356
56.5
NA
Diagonal ties in joint core.
Bond slip occurred in both top and bottom bars of the 
beams through the joint core in load run 10.
Joint shear degradation of the core concrete due to yielding 
of the joint stirrups contributed to the bond degradation 
and vice versa.
Pinching as a result of the bar slip and joint deformation.
After joint degradation the bond conditions reduced 
drastically.
Failure was shear orientated with the stirrups yielding 
before full bar slip occurred.
Appendix C: Bond & Joint Failures
C-117
Xin-Unit 1-1992
Xin 1982 U1
Comments
Elastic range
Load Run
1-2
14 Test end
Bar slip in all beam bars10
Yield + crack initiation3
12 Significant yielding of joint stirrups
10 Yielding of joint stirrups resulting in loss of stiffness
Vcol(yb)
0.9Vcol(M)Vcol(fb)
0.9col(M)
Vcol(yb)
Vcol(fb)
Appendix C: Bond & Joint Failures
C-118
Xin-Unit 5-1992
Unit lc 2470 mm f'c 60.7 MPa
l'c 985 mm dbS 12 mm
lb 3500 mm hc 450 mm dbT 6 mm
l'b 1525 mm wc 300 mm #legsS 2
hb 500 mm bj 300 mm #legsT 1.72
wb 250 mm SetsS 6
db5A 32 mm SetsT 6
db1 20 mm db5B 20 mm sS 56 mm
db2 0 mm #5A 2 sT 56 mm
#1 3 #5B 1 AshS 1357 mm
2
#2 0 As5A 1608 mm
2
AshT 292 mm
2
As1 942 mm
2
As5B 314 mm
2
Ashp 1649 mm
2
As2 0 mm
2
As5 1923 mm
2
SetseS 5.75
Astop 942 mm
2
fy5A 447 MPa SetseT 5.75
fy1 492 MPa fy5B 492 MPa Ashpe 1580 mm
2
fy2 0 MPa fy5 454 MPa fyS 327 MPa
fytop 492 MPa fyT 356 MPa
fu1 615 MPa db6 20 mm Vshp 548 kN
fu2 0 MPa db7 0 mm Vshpe 525 kN
futop 615 MPa db8 0 mm fyh 332 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 0 αi
db4 20 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 925 987 kN
#4 3 As6 628 mm
2
vjho 6.85 7.31 MPa
As3 0 mm
2
As7 0 mm
2
6vjho/f'c 0.68 0.72 <0.85
As4 942 mm
2
As8 0 mm
2
vjho/f'c 0.11 0.12
Asbot 942 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 628 mm
2
Ajh 1661 1661 mm
2
fy4 492 MPa fy6 492 MPa Vjh 552 552 kN
fybot 492 MPa fy7 0 MPa Vjh/Vjho 0.60 0.56
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.59 0.55
fu4 615 MPa fy9 0 MPa Vshpe/Vjho 0.57 0.53
fubot 615 MPa fyint 492 MPa Ashp/Ajh 0.99 0.99
λ2bot 1.25 Fint 309 kN Ashpe/Ajh 0.95 0.95
Fint/Vjv 0.301 Ajh<0.85 1324 1413 mm
2
Ajh<0.85/Ajh 0.80 0.85
d1 50 mm αv
d2 NA mm d5 55 mm Ajv 872 872 mm
2
d3 NA mm d6 225 mm Ajvp/Ajv 0.72 0.72
d4 450 mm d7 NA mm
d1-2 50 mm d8 NA mm
d3-4 450 mm d9 NA mm
d10 395 mm
d'1 450 mm
d'2 NA mm N/Agf'c 0.000
d'3 NA mm N 0 kN
d'4 50 mm
d'1-2 450 mm
d'3-4 50 mm
JointColumnXin 1992
Unit 5
Beam
Positive Curvature
Negative Curvature
0.70
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.40
12.14
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
942
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C-119
Xin-Unit 5-1992
Mcol(yc) 325 kNm Max db 20.00 mm dbC mm
Mcol(fc) 375 kNm hc/db 22.50 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 464 464 580 NA kN #LegsD
T- 464 464 580 NA kN AVpC mm
2
Mb+ 191 202 252 242 kNm AVpD mm
2
Mb- 191 202 252 242 kNm sVC mm
Vb+ 126 132 165 159 kN sVD mm
Vb- 126 132 165 159 kN fytC MPa
Mcol 175 185 231 222 kNm fytD MPa
Mcol/Mcol(yc) 0.54 0.57 0.71 0.68 VspC/sVC kN/m
Vcol 178 187 234 225 kN Δmax 115 mm VspD/sVD kN/m
Vjh 750 740 925 987 kN Δy 20.9 mm Vsp/sV kN/m
Vshp/Vjh 0.73 0.74 0.59 0.55 Δy/lc 0.84 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.70 0.71 0.57 0.53 Max Crack Spalling mm Vb 165 159 kN
Vs
+
reqd 367 353 kN/m
Vs
-
reqd 367 353 kN/m
Vsreqd 367 353 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.65 1.72
3/4 Theoretical NA 16.7 0.0 6.27E-06 0.00E+00 0.8 0.8
Projected Yield NA 22.3 0.0 8.36E-06 0.00E+00 1.0 1.0
Max Shear 13 113.7 91.4 8.36E-06 1.85E-04 5.1 23.1 Comment Load Run
Failure/End 15 148.3 126.0 8.36E-06 2.55E-04 6.7 31.5 Yes 15
28.4
3/4 Theoretical NA -14.6 0 -6.27E-06 0.00E+00 0.8 0.8 1
Projected Yield NA -19.5 0.0 -8.36E-06 0.00E+00 1.0 1.0 NA
Max Shear 12 -114.5 -95.0 -8.36E-06 -1.92E-04 5.9 24.0 4/6 12
Failure/End 14 -120.0 -100.5 -8.36E-06 -2.04E-04 6.2 25.3 Hinging 3
Top & Bottom 11,14
Projected Yield NA 20.9 0.0 8.36E-06 0.00E+00 1.0 1.0 Shear 15
Failure/End 14-15 134.2 113.3 8.36E-06 2.29E-04 6.4 28.4
Adjusted Failure 14-15 134.2 113.3 8.36E-06 2.29E-04 6.4 28.4
Load Run θ Load Run θ
Joint Stirrups Yield-2.01E-04
Joint Failure Mode
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
607
0
607
# Times Reached Maximum Ductility
Column Bar Yield
Adjusted Maximum Curvature
2.38E-04
2.38E-04
Averages
φ (mm
-1
)
-8.36E-06
-2.12E-04
8.36E-06
2.63E-04
Negative Deflection
-6.27E-06
Column Shear-Sway Data
Positive Deflection
1.93E-04
6.27E-06
8.36E-06
NA
348
157.1
NA
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
10
NA
90
All diamond ties had yielded by load run 9 with some yielding of 
the rectangular stirrups  also.
By load run 12 4/6 of the rectangular stirrups had yielded. 
Top beam bar slippage occurred at load run 11 followed by 
some moderate pinching.  The bottom bars slipped in load run 
14 increasing the pinching.
Overall failure consisted of bar slip in the top and bottom of the 
beam with yielding of the joint core reinforcement leading to 
shear expansion of the joint core.
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C-120
Xin-Unit 5-1992
15 Faliure
Bottom beam bar slip through joint
Xin 1982 U5
Comments
Elastic range
Yield + crack initiation
Load Run
1-2
3
14
11 Top beam bar slip through joint
Vcol(yb)
0.9Vcol(M)
Vcol(fb)
0.9Vcol(M)
Vcol(yb)
Vcol(fb)
Appendix C: Bond & Joint Failures
C-121
Fujji-A1-1991
Unit lc 1500 mm f'c 40.21 MPa
l'c 625 mm dbS 6 mm
lb 2000 mm hc 220 mm dbT 0 mm
l'b 890 mm wc 220 mm #legsS 2
hb 250 mm bj 220 mm #legsT 0
wb 160 mm SetsS 3
db5A 12.7 mm SetsT 0
db1 10 mm db5B 12.7 mm sS NA mm
db2 10 mm #5A 2 sT NA mm
#1 4 #5B 3 AshS 170 mm
2
#2 4 As5A 253 mm
2
AshT 0 mm
2
As1 314 mm
2
As5B 380 mm
2
Ashp 170 mm
2
As2 314 mm
2
As5 633 mm
2
SetseS 2.67
Astop 628 mm
2
fy5A 643 MPa SetseT 0
fy1 1069 MPa fy5B 643 MPa Ashpe 151 mm
2
fy2 1069 MPa fy5 643 MPa fyS 291 MPa
fytop 1069 MPa fyT 0 MPa
fu1 1336 MPa db6 12.7 mm Vshp 49 kN
fu2 1336 MPa db7 12.7 mm Vshpe 44 kN
futop 1336 MPa db8 12.7 mm fyh 291 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 10 mm
2
#7 2 αi
db4 10 mm
2
#8 2 0.2f'c MPa
#3 4 #9 0 Vjho 1309 471 kN
#4 4 As6 253 mm
2
vjho 27.05 9.73 MPa
As3 314 mm
2
As7 253 mm
2
6vjho/f'c 4.04 1.45 >0.85
As4 314 mm
2
As8 253 mm
2
vjho/f'c 0.67 0.24
Asbot 628 mm
2
As9 0 mm
2
As mm
2
fy3 1069 MPa Asint 760 mm
2
Ajh 11903 4283 mm
2
fy4 1069 MPa fy6 643 MPa Vjh 3467 1247 kN
fybot 1069 MPa fy7 643 MPa Vjh/Vjho 2.65 2.65
fu3 1336 MPa fy8 643 MPa Vshp/Vjho 0.04 0.10
fu4 1336 MPa fy9 0 MPa Vshpe/Vjho 0.03 0.09
fubot 1336 MPa fyint 643 MPa Ashp/Ajh 0.01 0.04
λ2bot 1.25 Fint 489 kN Ashpe/Ajh 0.01 0.04
Fint/Vjv 0.329 Ajh<0.85 11903 4283 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 25 mm αv
d2 50 mm d5 30 mm Ajv 3988 1435 mm
2
d3 200 mm d6 70 mm Ajvp/Ajv 0.19 0.53
d4 225 mm d7 110 mm
d1-2 37.5 mm d8 150 mm
d3-4 212.5 mm d9 NA mm
d10 190 mm
d'1 225 mm
d'2 200 mm N/Agf'c 0.076
d'3 50 mm N 147 kN
d'4 25 mm
d'1-2 212.5 mm
d'3-4 37.5 mm
Axial Stress
Column Bar Locations
From Edge of Column Face
628
Positive Curvature
Negative Curvature
0.65
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.28
8.042
Top Bars
JointColumn
Beam
Fujji 1991
A1
Appendix C: Joint Failures
C-122
Fujji-A1-1991
Mcol(yc) 92 kNm Max db 10.00 mm dbC mm
Mcol(fc) 99 kNm hc/db 22.00 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 613 605 757 NA kN #LegsD
T- 613 605 757 NA kN AVpC mm
2
Mb+ 111 109 137 47 kNm AVpD mm
2
Mb- 111 109 137 47 kNm sVC mm
Vb+ 124 123 153 53 kN sVD mm
Vb- 124 123 153 53 kN fytC MPa
Mcol 103 102 128 44 kNm fytD MPa
Mcol/Mcol(yc) 1.13 1.11 1.39 0.48 VspC/sVC kN/m
Vcol 166 164 205 71 kN Δmax 46 mm VspD/sVD kN/m
Vjh 1060 1047 1309 471 kN Δy 24.1 mm Vsp/sV kN/m
Vshp/Vjh 0.05 0.05 0.04 0.10 Δy/lc 1.60 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.04 0.04 0.03 0.09 Max Crack NA mm Vb 153 53 kN
Vs
+
reqd 722 251 kN/m
Vs
-
reqd 722 251 kN/m
Vsreqd 722 251 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 0.76 2.19
First Cycle NA 4.3 0.0 6.88E-06 0.00E+00 0.2 0.2
Projected Yield NA 22.7 0.0 3.63E-05 0.00E+00 1.0 1.0
Max Shear 5 45.6 22.9 3.63E-05 1.48E-04 2.0 5.1 Comment Load Run
Failure/End 5 45.6 22.9 3.63E-05 1.48E-04 2.0 5.1 Yes 6
NA
First Cycle NA -4.8 0 -6.87E-06 0.00E+00 0.2 0.2 2
Projected Yield NA -25.4 0.0 -3.63E-05 0.00E+00 1.0 1.0 None
Max Shear 6 -45.5 -20.1 -3.63E-05 -1.30E-04 1.8 4.6 NA
Failure/End 6 -45.5 -20.1 -3.63E-05 -1.30E-04 1.8 4.6 None
None
Projected Yield NA 24.1 0.0 3.63E-05 0.00E+00 1.0 1.0 Shear 6
Failure/End 5-6 45.6 21.5 3.63E-05 1.39E-04 1.9 4.8
Adjusted Failure 5-6 47.8 23.8 3.63E-05 1.53E-04 2.0 5.2
Load Run θ Load Run θ
Joint Stirrups Yield
1.84E-04
-1.66E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-6.87E-06
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
549
0
549
1.75E-04
1.90E-04
Averages
φ (mm
-1
)
-3.63E-05
-1.66E-04
3.63E-05
Column Shear-Sway Data
Positive Deflection
1.84E-04
6.88E-06
3.63E-05
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
6
2
NA
NA
NA
291
NA
30
56.5
NA
Designed to fail in joint shear prior to beam or column 
hinging.
Spacing of shear reinforcement in the joint zone and in the 
beams is not provided.  The values presented here are 
based on scaled approximations from the provided section 
drawings.
Hysteretic pinching noticed in load runs 7+ suggesting 
beam bar slip as a result of joint shear failure.
As the beams are designed not to fail the loading scenario is as follows.
Beams are loaded until the strain within the beam longitudinal reinforcement reaches 1000e-6, 2000e-6, 3000e-6 etc 
until peak load is reached.
Appendix C: Joint Failures
C-123
Fujji-A1-1991
3
10
6
Test end
Fujii 1991 A1
Comments
Elastic cycles
Joint yield
Max joint force/"failure"
Load Run
1-2
Vcol(fb)
Vcol(fb)
Vcol(yb)
Vcol(yb)
Appendix C: Joint Failures
C-124
Fujji-A2-1991
Unit lc 1500 mm f'c 40.21 MPa
l'c 625 mm dbS 6 mm
lb 2000 mm hc 220 mm dbT 0 mm
l'b 890 mm wc 220 mm #legsS 2
hb 250 mm bj 220 mm #legsT 0
wb 160 mm SetsS 3
db5A 12.7 mm SetsT 0
db1 10 mm db5B 12.7 mm sS NA mm
db2 10 mm #5A 2 sT NA mm
#1 4 #5B 3 AshS 170 mm
2
#2 4 As5A 253 mm
2
AshT 0 mm
2
As1 314 mm
2
As5B 380 mm
2
Ashp 170 mm
2
As2 314 mm
2
As5 633 mm
2
SetseS 2.67
Astop 628 mm
2
fy5A 387 MPa SetseT 0
fy1 409 MPa fy5B 387 MPa Ashpe 151 mm
2
fy2 409 MPa fy5 387 MPa fyS 291 MPa
fytop 409 MPa fyT 0 MPa
fu1 511 MPa db6 12.7 mm Vshp 49 kN
fu2 511 MPa db7 12.7 mm Vshpe 44 kN
futop 511 MPa db8 12.7 mm fyh 291 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 10 mm
2
#7 2 αi
db4 10 mm
2
#8 2 0.2f'c MPa
#3 4 #9 0 Vjho 548 417 kN
#4 4 As6 253 mm
2
vjho 11.31 8.62 MPa
As3 314 mm
2
As7 253 mm
2
6vjho/f'c 1.69 1.29 >0.85
As4 314 mm
2
As8 253 mm
2
vjho/f'c 0.28 0.21
Asbot 628 mm
2
As9 0 mm
2
As mm
2
fy3 409 MPa Asint 760 mm
2
Ajh 1903 1450 mm
2
fy4 409 MPa fy6 387 MPa Vjh 554 422 kN
fybot 409 MPa fy7 387 MPa Vjh/Vjho 1.01 1.01
fu3 511 MPa fy8 387 MPa Vshp/Vjho 0.09 0.12
fu4 511 MPa fy9 0 MPa Vshpe/Vjho 0.08 0.11
fubot 511 MPa fyint 387 MPa Ashp/Ajh 0.09 0.12
λ2bot 1.25 Fint 294 kN Ashpe/Ajh 0.08 0.10
Fint/Vjv 0.473 Ajh<0.85 1903 1450 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 25 mm αv
d2 50 mm d5 30 mm Ajv 1058 806 mm
2
d3 200 mm d6 70 mm Ajvp/Ajv 0.72 0.94
d4 225 mm d7 110 mm
d1-2 37.5 mm d8 150 mm
d3-4 212.5 mm d9 NA mm
d10 190 mm
d'1 225 mm
d'2 200 mm N/Agf'c 0.076
d'3 50 mm N 148 kN
d'4 25 mm
d'1-2 212.5 mm
d'3-4 37.5 mm
JointColumnFujji 1991
A2
Beam
Positive Curvature
Negative Curvature
0.65
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.28
8.042
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
628
Appendix C: Joint Failures
C-125
Fujji-A2-1991
Mcol(yc) 61 kNm Max db 10.00 mm dbC mm
Mcol(fc) 74 kNm hc/db 22.00 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 236 257 321 NA kN #LegsD
T- 236 257 321 NA kN AVpC mm
2
Mb+ 44 51 63 42 kNm AVpD mm
2
Mb- 44 51 63 42 kNm sVC mm
Vb+ 50 57 71 47 kN sVD mm
Vb- 50 57 71 47 kN fytC MPa
Mcol 41 47 59 39 kNm fytD MPa
Mcol/Mcol(yc) 0.68 0.78 0.97 0.64 VspC/sVC kN/m
Vcol 66 76 95 63 kN Δmax 70 mm VspD/sVD kN/m
Vjh 406 438 548 417 kN Δy 11.9 mm Vsp/sV kN/m
Vshp/Vjh 0.12 0.11 0.09 0.12 Δy/lc 0.79 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.11 0.10 0.08 0.11 Max Crack NA mm Vb 71 47 kN
Vs
+
reqd 334 222 kN/m
Vs
-
reqd 334 222 kN/m
Vsreqd 334 222 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.64 2.47
First Cycle NA 4.9 0.0 5.87E-06 0.00E+00 0.4 0.4
Projected Yield NA 11.6 0.0 1.39E-05 0.00E+00 1.0 1.0
Max Shear 7 69.8 58.2 1.39E-05 3.75E-04 6.0 28.0 Comment Load Run
Failure/End 7 69.8 58.2 1.39E-05 3.75E-04 6.0 28.0 Yes 7
NA
First Cycle NA -4.1 0 -4.71E-06 0.00E+00 0.3 0.3 1
Projected Yield NA -12.1 0.0 -1.39E-05 0.00E+00 1.0 1.0 None
Max Shear 6 -26.9 -14.8 -1.39E-05 -9.54E-05 2.2 7.9 NA
Failure/End 6 -26.9 -14.8 -1.39E-05 -9.54E-05 2.2 7.9 None
None
Projected Yield NA 11.9 0.0 1.39E-05 0.00E+00 1.0 1.0 Shear 7
Failure/End 6-7 48.4 36.5 1.39E-05 2.35E-04 4.1 17.9
Adjusted Failure 6-7 48.4 36.5 1.39E-05 2.35E-04 4.1 17.9
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
6
NA
30
NA
291
56.5
NA
Column Shear-Sway Data
Positive Deflection
3.89E-04
5.87E-06
1.39E-05
2.49E-04
2.49E-04
Averages
φ (mm
-1
)
-1.39E-05
-1.09E-04
1.39E-05
Failure Details
Bond Failure Location
Test Reached Failure
549
0
549
Joint Stirrups Yield
3.89E-04
-1.09E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-4.71E-06
Beam Failure Mode
Comments Loading Scenario
Designed to fail in the beams prior to the joint shear 
failure, however the joint failed prior to beam hinging.
Spacing of shear reinforcement in the joint zone and in the 
beams is not provided.  The values presented here are 
based on scaled approximations from the provided section 
drawings.
Hysteretic pinching noticed in load runs 6+ suggesting 
beam bar slip as a result of joint shear failure.
As the beams are designed not to fail the loading scenario is as follows.
Beams are loaded until the strain within the beam longitudinal reinforcement reaches 1000e-6, 2000e-6, 3000e-6 etc 
until peak load is reached.
Appendix C: Joint Failures
C-126
Fujji-A2-1991
10
5
Test end
Fujii 1991 A2
Comments
Elastic cycles
Joint yield
Max joint force/"failure"
Load Run
1-2
3
Vcol(fb)
Vcol(fb)
Appendix C: Joint Failures
C-127
Fujji-A3-1991
Unit lc 1500 mm f'c 40.21 MPa
l'c 625 mm dbS 6 mm
lb 2000 mm hc 220 mm dbT 0 mm
l'b 890 mm wc 220 mm #legsS 2
hb 250 mm bj 220 mm #legsT 0
wb 160 mm SetsS 3
db5A 12.7 mm SetsT 0
db1 10 mm db5B 12.7 mm sS NA mm
db2 10 mm #5A 2 sT NA mm
#1 4 #5B 3 AshS 170 mm
2
#2 4 As5A 253 mm
2
AshT 0 mm
2
As1 314 mm
2
As5B 380 mm
2
Ashp 170 mm
2
As2 314 mm
2
As5 633 mm
2
SetseS 2.67
Astop 628 mm
2
fy5A 643 MPa SetseT 0
fy1 1069 MPa fy5B 643 MPa Ashpe 151 mm
2
fy2 1069 MPa fy5 643 MPa fyS 291 MPa
fytop 1069 MPa fyT 0 MPa
fu1 1336 MPa db6 12.7 mm Vshp 49 kN
fu2 1336 MPa db7 12.7 mm Vshpe 44 kN
futop 1336 MPa db8 12.7 mm fyh 291 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 10 mm
2
#7 2 αi
db4 10 mm
2
#8 2 0.2f'c MPa
#3 4 #9 0 Vjho 1309 437 kN
#4 4 As6 253 mm
2
vjho 27.05 9.04 MPa
As3 314 mm
2
As7 253 mm
2
6vjho/f'c 4.04 1.35 >0.85
As4 314 mm
2
As8 253 mm
2
vjho/f'c 0.67 0.22
Asbot 628 mm
2
As9 0 mm
2
As mm
2
fy3 1069 MPa Asint 760 mm
2
Ajh 9655 3226 mm
2
fy4 1069 MPa fy6 643 MPa Vjh 2812 940 kN
fybot 1069 MPa fy7 643 MPa Vjh/Vjho 2.15 2.15
fu3 1336 MPa fy8 643 MPa Vshp/Vjho 0.04 0.11
fu4 1336 MPa fy9 0 MPa Vshpe/Vjho 0.03 0.10
fubot 1336 MPa fyint 643 MPa Ashp/Ajh 0.02 0.05
λ2bot 1.25 Fint 489 kN Ashpe/Ajh 0.02 0.05
Fint/Vjv 0.329 Ajh<0.85 9655 3226 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 25 mm αv
d2 50 mm d5 30 mm Ajv 2837 948 mm
2
d3 200 mm d6 70 mm Ajvp/Ajv 0.27 0.80
d4 225 mm d7 110 mm
d1-2 37.5 mm d8 150 mm
d3-4 212.5 mm d9 NA mm
d10 190 mm
d'1 225 mm
d'2 200 mm N/Agf'c 0.227
d'3 50 mm N 441 kN
d'4 25 mm
d'1-2 212.5 mm
d'3-4 37.5 mm
Axial Stress
Column Bar Locations
From Edge of Column Face
628
Positive Curvature
Negative Curvature
0.57
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.04
8.042
Top Bars
JointColumnFujji 1991
A3
Beam
Appendix C: Joint Failures
C-128
Fujji-A3-1991
Mcol(yc) 107 kNm Max db 10.00 mm dbC mm
Mcol(fc) 103 kNm hc/db 22.00 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 613 605 757 NA kN #LegsD
T- 613 605 757 NA kN AVpC mm
2
Mb+ 111 109 137 44 kNm AVpD mm
2
Mb- 111 109 137 44 kNm sVC mm
Vb+ 124 123 153 50 kN sVD mm
Vb- 124 123 153 50 kN fytC MPa
Mcol 103 102 128 41 kNm fytD MPa
Mcol/Mcol(yc) 0.97 0.96 1.20 0.39 VspC/sVC kN/m
Vcol 166 164 205 66 kN Δmax 45 mm VspD/sVD kN/m
Vjh 1060 1047 1309 437 kN Δy 29.1 mm Vsp/sV kN/m
Vshp/Vjh 0.05 0.05 0.04 0.11 Δy/lc 1.94 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.04 0.04 0.03 0.10 Max Crack NA mm Vb 153 50 kN
Vs
+
reqd 722 233 kN/m
Vs
-
reqd 722 233 kN/m
Vsreqd 722 233 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 0.76 2.35
First Cycle NA 6.3 0.0 7.82E-06 0.00E+00 0.2 0.2
Projected Yield NA 29.3 0.0 3.63E-05 0.00E+00 1.0 1.0
Max Shear 5 44.9 15.6 3.63E-05 1.01E-04 1.5 3.8 Comment Load Run
Failure/End 5 44.9 15.6 3.63E-05 1.01E-04 1.5 3.8 Yes 6
NA
First Cycle NA -5.9 0 -7.45E-06 0.00E+00 0.2 0.2 2
Projected Yield NA -28.8 0.0 -3.63E-05 0.00E+00 1.0 1.0 None
Max Shear 6 -44.0 -15.2 -3.63E-05 -9.80E-05 1.5 3.7 NA
Failure/End 6 -44.0 -15.2 -3.63E-05 -9.80E-05 1.5 3.7 None
None
Projected Yield NA 29.1 0.0 3.63E-05 0.00E+00 1.0 1.0 Shear 6
Failure/End 5-6 44.5 15.4 3.63E-05 9.93E-05 1.5 3.7
Adjusted Failure 5-6 46.7 17.6 3.63E-05 1.14E-04 1.6 4.1
Load Run θ Load Run θ
Joint Stirrups Yield
1.37E-04
-1.34E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-7.45E-06
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
549
0
549
1.36E-04
1.50E-04
Averages
φ (mm
-1
)
-3.63E-05
-1.34E-04
3.63E-05
Column Shear-Sway Data
Positive Deflection
1.37E-04
7.82E-06
3.63E-05
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
6
NA
30
NA
291
56.5
NA
Designed to fail in joint shear prior to beam yielding, thus 
failure has been defined as the maximum measured shear 
force in the joint.
Spacing of shear reinforcement in the joint zone and in the 
beams is not provided.  The values presented here are 
based on scaled approximations from the provided section 
drawings.
Hysteretic pinching noticed in load runs 6+ suggesting 
beam bar slip as a result of joint shear failure.
As the beams are designed not to fail the loading scenario is as follows.
Beams are loaded until the strain within the beam longitudinal reinforcement reaches 1000e-6, 2000e-6, 3000e-6 etc 
until peak load is reached.
Appendix C: Joint Failures
C-129
Fujji-A3-1991
10
6
Test end
Fujii 1991 A3
Comments
Elastic cycles
Joint yield
Max joint force/"failure"
Load Run
1-2
3
Vcol(fb)
Vcol(fb)
Appendix C: Joint Failures
C-130
Fujji-A4-1991
Unit lc 1500 mm f'c 40.21 MPa
l'c 625 mm dbS 6 mm
lb 2000 mm hc 220 mm dbT 6 mm
l'b 890 mm wc 220 mm #legsS 2
hb 250 mm bj 220 mm #legsT 2
wb 160 mm SetsS 4
db5A 12.7 mm SetsT 4
db1 10 mm db5B 12.7 mm sS NA mm
db2 10 mm #5A 2 sT NA mm
#1 4 #5B 3 AshS 226 mm
2
#2 4 As5A 253 mm
2
AshT 226 mm
2
As1 314 mm
2
As5B 380 mm
2
Ashp 452 mm
2
As2 314 mm
2
As5 633 mm
2
SetseS 3.68
Astop 628 mm
2
fy5A 643 MPa SetseT 3.68
fy1 1069 MPa fy5B 643 MPa Ashpe 416 mm
2
fy2 1069 MPa fy5 643 MPa fyS 291 MPa
fytop 1069 MPa fyT 291 MPa
fu1 1336 MPa db6 12.7 mm Vshp 132 kN
fu2 1336 MPa db7 12.7 mm Vshpe 121 kN
futop 1336 MPa db8 12.7 mm fyh 291 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 10 mm
2
#7 2 αi
db4 10 mm
2
#8 2 0.2f'c MPa
#3 4 #9 0 Vjho 1309 442 kN
#4 4 As6 253 mm
2
vjho 27.05 9.13 MPa
As3 314 mm
2
As7 253 mm
2
6vjho/f'c 4.04 1.36 >0.85
As4 314 mm
2
As8 253 mm
2
vjho/f'c 0.67 0.23
Asbot 628 mm
2
As9 0 mm
2
As mm
2
fy3 1069 MPa Asint 760 mm
2
Ajh 9660 3262 mm
2
fy4 1069 MPa fy6 643 MPa Vjh 2812 950 kN
fybot 1069 MPa fy7 643 MPa Vjh/Vjho 2.15 2.15
fu3 1336 MPa fy8 643 MPa Vshp/Vjho 0.10 0.30
fu4 1336 MPa fy9 0 MPa Vshpe/Vjho 0.09 0.27
fubot 1336 MPa fyint 643 MPa Ashp/Ajh 0.05 0.14
λ2bot 1.25 Fint 489 kN Ashpe/Ajh 0.04 0.13
Fint/Vjv 0.329 Ajh<0.85 9660 3262 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 25 mm αv
d2 50 mm d5 30 mm Ajv 2837 958 mm
2
d3 200 mm d6 70 mm Ajvp/Ajv 0.27 0.79
d4 225 mm d7 110 mm
d1-2 37.5 mm d8 150 mm
d3-4 212.5 mm d9 NA mm
d10 190 mm
d'1 225 mm
d'2 200 mm N/Agf'c 0.227
d'3 50 mm N 441 kN
d'4 25 mm
d'1-2 212.5 mm
d'3-4 37.5 mm
Axial Stress
Column Bar Locations
From Edge of Column Face
628
Positive Curvature
Negative Curvature
0.57
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.04
8.042
Top Bars
JointColumnFujji 1991
A4
Beam
Appendix C: Joint Failures
C-131
Fujji-A4-1991
Mcol(yc) 107 kNm Max db 10.00 mm dbC mm
Mcol(fc) 103 kNm hc/db 22.00 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 613 605 757 NA kN #LegsD
T- 613 605 757 NA kN AVpC mm
2
Mb+ 111 109 137 45 kNm AVpD mm
2
Mb- 111 109 137 45 kNm sVC mm
Vb+ 124 123 153 50 kN sVD mm
Vb- 124 123 153 50 kN fytC MPa
Mcol 103 102 128 42 kNm fytD MPa
Mcol/Mcol(yc) 0.97 0.96 1.20 0.39 VspC/sVC kN/m
Vcol 166 164 205 67 kN Δmax 50 mm VspD/sVD kN/m
Vjh 1060 1047 1309 442 kN Δy 31.8 mm Vsp/sV kN/m
Vshp/Vjh 0.12 0.13 0.10 0.30 Δy/lc 2.12 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.11 0.12 0.09 0.27 Max Crack NA mm Vb 153 50 kN
Vs
+
reqd 722 235 kN/m
Vs
-
reqd 722 235 kN/m
Vsreqd 722 235 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 0.76 2.33
First Cycle 1 6.5 0.0 7.87E-06 0.00E+00 0.2 0.2
Projected Yield 1 30.0 0.0 3.63E-05 0.00E+00 1.0 1.0
Max 5 44.6 14.6 3.63E-05 9.41E-05 1.5 3.6 Comment Load Run
Failure/End 5 44.6 14.6 3.63E-05 9.41E-05 1.5 3.6 Yes 6
NA
First Cycle 2 -7.5 0 -8.14E-06 0.00E+00 0.2 0.2 2
Projected Yield 2 -33.5 0.0 -3.63E-05 0.00E+00 1.0 1.0 None
Max 6 -50.3 -16.8 -3.63E-05 -1.08E-04 1.5 4.0 NA
Failure/End 6 -50.3 -16.8 -3.63E-05 -1.08E-04 1.5 4.0 None
None
Projected Yield NA 31.8 0.0 3.63E-05 0.00E+00 1.0 1.0 Shear 6
Failure/End 5-6 47.5 15.7 3.63E-05 1.01E-04 1.5 3.8
Adjusted Failure 5-6 49.8 18.1 3.63E-05 1.16E-04 1.6 4.2
Load Run θ Load Run θ
Joint Stirrups Yield
1.30E-04
-1.45E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-8.14E-06
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
549
0
549
1.38E-04
1.53E-04
Averages
φ (mm
-1
)
-3.63E-05
-1.45E-04
3.63E-05
Column Shear-Sway Data
Positive Deflection
1.30E-04
7.87E-06
3.63E-05
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
6
NA
30
NA
291
56.5
NA
Designed to fail in joint shear prior to beam yielding, thus 
failure has been defined as the maximum measured shear 
force in the joint.
Spacing of shear reinforcement in the joint zone and in the 
beams is not provided.  The values presented here are 
based on scaled approximations from the provided section 
drawings.
Hysteretic pinching noticed in load runs 6+ suggesting 
beam bar slip as a result of joint shear failure.
As the beams are designed not to fail the loading scenario is as follows.
Beams are loaded until the strain within the beam longitudinal reinforcement reaches 1000e-6, 2000e-6, 3000e-6 etc 
until peak load is reached.
Appendix C: Joint Failures
C-132
Fujji-A4-1991
10
6
Test end
Fujii 1991 A4
Comments
Elastic cycles
Joint yield
Max joint force/"failure"
Load Run
1-2
3
Vcol(fb)
Vcol(fb)
Appendix C: Joint Failures
C-133
Meinheit-I-1977
Unit lc 3658 mm f'c 26.2 MPa
l'c 1600 mm dbS 12.7 mm
lb 4876 mm hc 457 mm dbT 0 mm
l'b 2209 mm wc 330 mm #legsS 2
hb 457 mm bj 330 mm #legsT 0
wb 279 mm SetsS 2
db5A 22.225 mm SetsT 0
db1 32.26 mm db5B 0 mm sS 152.4 mm
db2 0 mm #5A 2 sT 0 mm
#1 3 #5B 0 AshS 507 mm
2
#2 0 As5A 776 mm
2
AshT 0 mm
2
As1 2452 mm
2
As5B 0 mm
2
Ashp 507 mm
2
As2 0 mm
2
As5 776 mm
2
SetseS 2
Astop 2452 mm
2
fy5A 457 MPa SetseT 0
fy1 449 MPa fy5B 0 MPa Ashpe 507 mm
2
fy2 0 MPa fy5 457 MPa fyS 409 MPa
fytop 449 MPa fyT 0 MPa
fu1 561 MPa db6 22.225 mm Vshp 207 kN
fu2 0 MPa db7 22.225 mm Vshpe 207 kN
futop 561 MPa db8 0 mm fyh 409 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 25.4 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 1925 1135 kN
#4 3 As6 776 mm
2
vjho 12.76 7.52 MPa
As3 0 mm
2
As7 776 mm
2
6vjho/f'c 2.92 1.72 >0.85
As4 1520 mm
2
As8 0 mm
2
vjho/f'c 0.49 0.29
Asbot 1520 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 1552 mm
2
Ajh 5955 3510 mm
2
fy4 405 MPa fy6 457 MPa Vjh 2435 1435 kN
fybot 405 MPa fy7 457 MPa Vjh/Vjho 1.26 1.26
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.11 0.18
fu4 507 MPa fy9 0 MPa Vshpe/Vjho 0.11 0.18
fubot 507 MPa fyint 457 MPa Ashp/Ajh 0.09 0.14
λ2bot 1.25 Fint 709 kN Ashpe/Ajh 0.09 0.14
Fint/Vjv 0.368 Ajh<0.85 5955 3510 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 66.93 mm αv
d2 NA mm d5 62 mm Ajv 2660 1568 mm
2
d3 NA mm d6 173 mm Ajvp/Ajv 0.58 0.99
d4 393.7 mm d7 284 mm
d1-2 66.93 mm d8 NA mm
d3-4 393.7 mm d9 NA mm
d10 395 mm
d'1 390.07 mm
d'2 NA mm N/Agf'c 0.402
d'3 NA mm N 1588 kN
d'4 63.3 mm
d'1-2 390.1 mm
d'3-4 63.3 mm
Axial Stress
Column Bar Locations
From Edge of Column Face
2452
Positive Curvature
Negative Curvature
0.50
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
0.76
5.24
Top Bars
JointColumnMeinheit 1977
I
Beam
Appendix C: Joint Failures
C-134
Meinheit-I-1977
Mcol(yc) 338 kNm Max db 32.26 mm dbC mm
Mcol(fc) 333 kNm hc/db 14.17 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 616 616 770 NA kN #LegsD
T- 1101 1101 1376 NA kN AVpC mm
2
Mb+ 211 217 271 188 kNm AVpD mm
2
Mb- 357 369 461 224 kNm sVC mm
Vb+ 96 98 123 85 kN sVD mm
Vb- 162 167 209 101 kN fytC MPa
Mcol 274 283 353 199 kNm fytD MPa
Mcol/Mcol(yc) 0.81 0.84 1.05 0.59 VspC/sVC kN/m
Vcol 171 177 221 124 kN Δmax 57 mm VspD/sVD kN/m
Vjh 1545 1540 1925 1135 kN Δy 44.7 mm Vsp/sV kN/m
Vshp/Vjh 0.13 0.13 0.11 0.18 Δy/lc 1.22 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.13 0.13 0.11 0.18 Max Crack NA mm Vb 209 101 kN
Vs
+
reqd 530 257 kN/m
Vs
-
reqd 535 260 kN/m
Vsreqd 535 260 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.29 2.66
First Cycle 1 18.6 0.0 3.14E-06 0.00E+00 0.4 0.4
Projected Yield 1 44.7 0.0 7.54E-06 0.00E+00 1.0 1.0
Max 3 56.8 12.1 7.54E-06 1.68E-05 1.3 3.2 Comment Load Run
Failure/End 3 56.8 12.1 7.54E-06 1.68E-05 1.3 3.2 Yes 3
NA
First Cycle 2 -18.6 0 -3.47E-06 0.00E+00 0.4 0.4 1
Projected Yield 2 -44.7 0.0 -8.35E-06 0.00E+00 1.0 1.0 None
Max 2 -18.6 0.0 -8.35E-06 0.00E+00 0.4 1.0 NA
Failure/End 2 -18.6 0.0 -8.35E-06 0.00E+00 0.4 1.0 None
None
Projected Yield 1-2 44.7 0.0 7.94E-06 0.00E+00 1.0 1.0 Shear 3
Failure/End 2-3 37.7 0.0 6.70E-06 0.00E+00 0.8 0.8
Adjusted Failure 2-3 37.7 0.0 6.70E-06 0.00E+00 0.8 0.8
Load Run θ Load Run θ
Joint Stirrups Yield
2.44E-05
-8.35E-06
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-3.47E-06
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
691
0
691
6.70E-06
6.70E-06
Averages
φ (mm
-1
)
-8.35E-06
-8.35E-06
7.94E-06
Column Shear-Sway Data
Positive Deflection
2.44E-05
3.14E-06
7.54E-06
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
9.525
NA
100
NA
485
142.5
NA
Joint failed in shear before the beams yielded.
Stirrup strains were not recorded.
Since the beams did not yield, the maximum measured 
column shear is less than the theoretical and as such , the 
theoretical values will be used to compare this specimen to 
others.
Loading is done with three complete cycles.  Cycle 1 is 
loaded until a visible shear crack is evident in the joint or 
50% of the theoretical yield load.  Cycle 2 is loaded until the 
maximum joint shear is found.  Cycle 3 is loaded until the 
new maximum joint shear is found.
Appendix C: Joint Failures
C-135
Meinheit-I-1977
6 Test end
Meinheit 1977 I
Comments
Elastic range
Joint shear failure prior to beam hinging
Load Run
1-2
3
Vcol(fb)
Vcol(fb)
Appendix C: Joint Failures
C-136
Meinheit-III-1977
Unit lc 3658 mm f'c 26.6 MPa
l'c 1600 mm dbS 12.7 mm
lb 4876 mm hc 457 mm dbT 0 mm
l'b 2209 mm wc 330 mm #legsS 2
hb 457 mm bj 330 mm #legsT 0
wb 279 mm SetsS 2
db5A 35.81 mm SetsT 0
db1 32.26 mm db5B 0 mm sS 152.4 mm
db2 0 mm #5A 2 sT 0 mm
#1 3 #5B 0 AshS 507 mm
2
#2 0 As5A 2014 mm
2
AshT 0 mm
2
As1 2452 mm
2
As5B 0 mm
2
Ashp 507 mm
2
As2 0 mm
2
As5 2014 mm
2
SetseS 2
Astop 2452 mm
2
fy5A 402 MPa SetseT 0
fy1 449 MPa fy5B 0 MPa Ashpe 507 mm
2
fy2 0 MPa fy5 402 MPa fyS 409 MPa
fytop 449 MPa fyT 0 MPa
fu1 561 MPa db6 35.81 mm Vshp 207 kN
fu2 0 MPa db7 35.81 mm Vshpe 207 kN
futop 561 MPa db8 35.81 mm fyh 409 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 25.4 mm
2
#8 2 0.2f'c MPa
#3 0 #9 0 Vjho 1925 1220 kN
#4 3 As6 2014 mm
2
vjho 12.76 8.09 MPa
As3 0 mm
2
As7 2014 mm
2
6vjho/f'c 2.88 1.82 >0.85
As4 1520 mm
2
As8 2014 mm
2
vjho/f'c 0.48 0.30
Asbot 1520 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 6043 mm
2
Ajh 5952 3773 mm
2
fy4 405 MPa fy6 402 MPa Vjh 2434 1543 kN
fybot 405 MPa fy7 402 MPa Vjh/Vjho 1.26 1.26
fu3 0 MPa fy8 402 MPa Vshp/Vjho 0.11 0.17
fu4 507 MPa fy9 0 MPa Vshpe/Vjho 0.11 0.17
fubot 507 MPa fyint 402 MPa Ashp/Ajh 0.09 0.13
λ2bot 1.25 Fint 2429 kN Ashpe/Ajh 0.09 0.13
Fint/Vjv 1.262 Ajh<0.85 5952 3773 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 66.93 mm αv
d2 NA mm d5 68.7 mm Ajv 3038 1926 mm
2
d3 NA mm d6 148.7 mm Ajvp/Ajv 1.99 3.14
d4 393.7 mm d7 228.7 mm
d1-2 66.93 mm d8 308.7 mm
d3-4 393.7 mm d9 NA mm
d10 388.5 mm
d'1 390.1 mm
d'2 NA mm N/Agf'c 0.395
d'3 NA mm N 1584 kN
d'4 63.3 mm
d'1-2 390.1 mm
d'3-4 63.3 mm
Axial Stress
Column Bar Locations
From Edge of Column Face
2452
Positive Curvature
Negative Curvature
0.50
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
0.77
5.32
Top Bars
JointColumn
Beam
Meinheit 1977
III
Appendix C: Joint Failures
C-137
Meinheit-III-1977
Mcol(yc) 535 kNm Max db 32.26 mm dbC mm
Mcol(fc) 537 kNm hc/db 14.17 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 616 616 770 NA kN #LegsD
T- 1101 1101 1376 NA kN AVpC mm
2
Mb+ 211 217 271 197 kNm AVpD mm
2
Mb- 358 369 462 245 kNm sVC mm
Vb+ 96 98 123 89 kN sVD mm
Vb- 162 167 209 111 kN fytC MPa
Mcol 275 283 354 213 kNm fytD MPa
Mcol/Mcol(yc) 0.51 0.53 0.66 0.40 VspC/sVC kN/m
Vcol 172 177 221 133 kN Δmax 64 mm VspD/sVD kN/m
Vjh 1545 1540 1925 1220 kN Δy 37.6 mm Vsp/sV kN/m
Vshp/Vjh 0.13 0.13 0.11 0.17 Δy/lc 1.03 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.13 0.13 0.11 0.17 Max Crack Spalling mm Vb 209 111 kN
Vs
+
reqd 531 282 kN/m
Vs
-
reqd 536 284 kN/m
Vsreqd 536 284 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.29 2.43
First Cycle 1 17.8 0.0 3.35E-06 0.00E+00 0.4 0.4
Projected Yield 1 40.1 0.0 7.54E-06 0.00E+00 1.0 1.0
Max 3 63.7 23.6 7.54E-06 3.29E-05 1.6 5.4 Comment Load Run
Failure/End 3 63.7 23.6 7.54E-06 3.29E-05 1.6 5.4 Yes 3
NA
First Cycle 2 -14.3 0 -3.40E-06 0.00E+00 0.4 0.4 1
Projected Yield 2 -35.1 0.0 -8.35E-06 0.00E+00 1.0 1.0 None
Max 2 -14.3 0.0 -8.35E-06 0.00E+00 0.4 1.0 NA
Failure/End 2 -14.3 0.0 -8.35E-06 0.00E+00 0.4 1.0 None
Upper
Projected Yield 1-2 37.6 0.0 7.94E-06 0.00E+00 1.0 1.0 Shear 3
Failure/End 2-3 39.0 1.4 8.35E-06 1.95E-06 1.0 1.2
Adjusted Failure 2-3 39.0 1.4 8.35E-06 1.95E-06 1.0 1.2
Load Run θ Load Run θ
Joint Stirrups Yield
4.04E-05
-8.35E-06
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-3.40E-06
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
691
0
691
1.03E-05
1.03E-05
Averages
φ (mm
-1
)
-8.35E-06
-8.35E-06
7.94E-06
Column Shear-Sway Data
Positive Deflection
4.04E-05
3.35E-06
7.54E-06
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
9.525
2
NA
NA
NA
485
NA
100
142.5
NA
Joint failed in shear prior to plastic hinges forming in the 
beams.
Stirrup strains were not recorded.
As the beams did not reach yield, the theoretical values 
shall be used for joint demand.
Loading is done with three complete cycles.  Cycle 1 is 
loaded until a visible shear crack is evident in the joint or 
50% of the theoretical yield load.  Cycle 2 is loaded until the 
maximum joint shear is found.  Cycle 3 is loaded until the 
new maximum joint shear is found.
Appendix C: Joint Failures
C-138
Meinheit-III-1977
1-2
3 Shear failure of joint
Meinheit 1977 III
Comments
Elastic range
Load Run
Vcol(fb)
Vcol(fb)
Vcol(fb)
Vcol(fb)
Appendix C: Joint Failures
C-139
Meinheit-IV-1977
Unit lc 3658 mm f'c 36.1 MPa
l'c 1600 mm dbS 12.7 mm
lb 4876 mm hc 330 mm dbT 0 mm
l'b 2209 mm wc 457 mm #legsS 2
hb 457 mm bj 457 mm #legsT 0
wb 406 mm SetsS 2
db5A 32.26 mm SetsT 0
db1 32.26 mm db5B 0 mm sS 152.4 mm
db2 0 mm #5A 2 sT 0 mm
#1 3 #5B 0 AshS 507 mm
2
#2 0 As5A 1635 mm
2
AshT 0 mm
2
As1 2452 mm
2
As5B 0 mm
2
Ashp 507 mm
2
As2 0 mm
2
As5 1635 mm
2
SetseS 2
Astop 2452 mm
2
fy5A 449 MPa SetseT 0
fy1 449 MPa fy5B 0 MPa Ashpe 507 mm
2
fy2 0 MPa fy5 449 MPa fyS 409 MPa
fytop 449 MPa fyT 0 MPa
fu1 561 MPa db6 32.26 mm Vshp 207 kN
fu2 0 MPa db7 32.26 mm Vshpe 207 kN
futop 561 MPa db8 0 mm fyh 409 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 25.4 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 1913 1428 kN
#4 3 As6 1635 mm
2
vjho 12.68 9.47 MPa
As3 0 mm
2
As7 1635 mm
2
6vjho/f'c 2.11 1.57 >0.85
As4 1520 mm
2
As8 0 mm
2
vjho/f'c 0.35 0.26
Asbot 1520 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 3269 mm
2
Ajh 5250 3918 mm
2
fy4 405 MPa fy6 449 MPa Vjh 2147 1602 kN
fybot 405 MPa fy7 449 MPa Vjh/Vjho 1.12 1.12
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.11 0.15
fu4 507 MPa fy9 0 MPa Vshpe/Vjho 0.11 0.15
fubot 507 MPa fyint 449 MPa Ashp/Ajh 0.10 0.13
λ2bot 1.25 Fint 1467 kN Ashpe/Ajh 0.10 0.13
Fint/Vjv 0.554 Ajh<0.85 5250 3918 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 66.93 mm αv
d2 NA mm d5 66.9 mm Ajv 3576 2669 mm
2
d3 NA mm d6 174.9 mm Ajvp/Ajv 0.91 1.22
d4 393.7 mm d7 282.9 mm
d1-2 66.93 mm d8 NA mm
d3-4 393.7 mm d9 NA mm
d10 390.3 mm
d'1 390.1 mm
d'2 NA mm N/Agf'c 0.297
d'3 NA mm N 1615 kN
d'4 63.3 mm
d'1-2 390.1 mm
d'3-4 63.3 mm
Axial Stress
Column Bar Locations
From Edge of Column Face
2452
Positive Curvature
Negative Curvature
0.54
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
0.93
7.22
Top Bars
JointColumn
Beam
Meinheit 1977
IV
Appendix C: Joint Failures
C-140
Meinheit-IV-1977
Mcol(yc) 450 kNm Max db 32.26 mm dbC mm
Mcol(fc) 503 kNm hc/db 10.23 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 616 616 770 NA kN #LegsD
T- 1101 1101 1376 NA kN AVpC mm
2
Mb+ 217 231 289 206 kNm AVpD mm
2
Mb- 372 387 484 311 kNm sVC mm
Vb+ 98 105 131 93 kN sVD mm
Vb- 168 175 219 141 kN fytC MPa
Mcol 284 298 373 250 kNm fytD MPa
Mcol/Mcol(yc) 0.63 0.66 0.83 0.56 VspC/sVC kN/m
Vcol 178 187 233 156 kN Δmax 106 mm VspD/sVD kN/m
Vjh 1539 1530 1913 1428 kN Δy 45.1 mm Vsp/sV kN/m
Vshp/Vjh 0.13 0.14 0.11 0.15 Δy/lc 1.23 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.13 0.14 0.11 0.15 Max Crack NA mm Vb 219 141 kN
Vs
+
reqd 557 358 kN/m
Vs
-
reqd 562 361 kN/m
Vsreqd 562 361 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.23 1.91
First Cycle 1 19.7 0.0 3.19E-06 0.00E+00 0.4 0.4
Projected Yield 1 46.5 0.0 7.54E-06 0.00E+00 1.0 1.0
Max 3 105.1 58.6 7.54E-06 8.16E-05 2.3 11.8 Comment Load Run
Failure/End 3 105.1 58.6 7.54E-06 8.16E-05 2.3 11.8 Yes 4
NA
First Cycle 2 -16.3 0 -3.11E-06 0.00E+00 0.4 0.4 2
Projected Yield 2 -43.7 0.0 -8.35E-06 0.00E+00 1.0 1.0 None
Max 4 -105.8 -62.1 -8.35E-06 -8.65E-05 2.4 11.4 NA
Failure/End 4 -105.8 -62.1 -8.35E-06 -8.65E-05 2.4 11.4 None
None
Projected Yield 1-2 45.1 0.0 7.94E-06 0.00E+00 1.0 1.0 Shear 4
Failure/End 3-4 105.5 60.4 8.35E-06 8.40E-05 2.3 11.1
Adjusted Failure 3-4 110.7 65.6 8.35E-06 9.14E-05 2.5 11.9
Load Run θ Load Run θ
Joint Stirrups Yield
8.91E-05
-9.48E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-3.11E-06
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
691
0
691
9.24E-05
9.97E-05
Averages
φ (mm
-1
)
-8.35E-06
-9.48E-05
7.94E-06
Column Shear-Sway Data
Positive Deflection
8.91E-05
3.19E-06
7.54E-06
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
9.525
2
NA
NA
NA
485
NA
100
142.5
NA
Joint failed in shear prior to plastic hinges forming in the 
beams.
Stirrup strains were not recorded.
As the beams did not reach yield, the theoretical values 
shall be used for joint demand.
Loading is done with three complete cycles.  Cycle 1 is 
loaded until a visible shear crack is evident in the joint or 
50% of the theoretical yield load.  Cycle 2 is loaded until the 
maximum joint shear is found.  Cycle 3 is loaded until the 
new maximum joint shear is found.
Appendix C: Joint Failures
C-141
Meinheit-IV-1977
1-2
4 Shear failure of joint
Meinheit 1977 IV
Comments
Elastic range
Load Run
Vcol(fb)
Vcol(fb)
Vcol(fb)
Vcol(fb)
Appendix C: Joint Failures
C-142
Meinheit-VII-1977
Unit lc 3658 mm f'c 37.2 MPa
l'c 1600 mm dbS 12.7 mm
lb 4876 mm hc 330 mm dbT 0 mm
l'b 2209 mm wc 457 mm #legsS 2
hb 457 mm bj 457 mm #legsT 0
wb 406 mm SetsS 2
db5A 32.26 mm SetsT 0
db1 32.26 mm db5B 0 mm sS 152.4 mm
db2 0 mm #5A 2 sT 0 mm
#1 3 #5B 0 AshS 507 mm
2
#2 0 As5A 1635 mm
2
AshT 0 mm
2
As1 2452 mm
2
As5B 0 mm
2
Ashp 507 mm
2
As2 0 mm
2
As5 1635 mm
2
SetseS 2
Astop 2452 mm
2
fy5A 449 MPa SetseT 0
fy1 449 MPa fy5B 0 MPa Ashpe 507 mm
2
fy2 0 MPa fy5 449 MPa fyS 409 MPa
fytop 449 MPa fyT 0 MPa
fu1 561 MPa db6 32.26 mm Vshp 207 kN
fu2 0 MPa db7 32.26 mm Vshpe 207 kN
futop 561 MPa db8 0 mm fyh 409 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 25.4 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 1912 1444 kN
#4 3 As6 1635 mm
2
vjho 12.68 9.58 MPa
As3 0 mm
2
As7 1635 mm
2
6vjho/f'c 2.05 1.54 >0.85
As4 1520 mm
2
As8 0 mm
2
vjho/f'c 0.34 0.26
Asbot 1520 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 3269 mm
2
Ajh 3536 2671 mm
2
fy4 405 MPa fy6 449 MPa Vjh 1446 1092 kN
fybot 405 MPa fy7 449 MPa Vjh/Vjho 0.76 0.76
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.11 0.14
fu4 507 MPa fy9 0 MPa Vshpe/Vjho 0.11 0.14
fubot 507 MPa fyint 449 MPa Ashp/Ajh 0.14 0.19
λ2bot 1.25 Fint 1467 kN Ashpe/Ajh 0.14 0.19
Fint/Vjv 0.554 Ajh<0.85 3536 2671 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 66.93 mm αv
d2 NA mm d5 66.9 mm Ajv 2120 1601 mm
2
d3 NA mm d6 174.9 mm Ajvp/Ajv 1.54 2.04
d4 393.7 mm d7 282.9 mm
d1-2 66.93 mm d8 NA mm
d3-4 393.7 mm d9 NA mm
d10 390.3 mm
d'1 390.1 mm
d'2 NA mm N/Agf'c 0.473
d'3 NA mm N 2656 kN
d'4 63.3 mm
d'1-2 390.1 mm
d'3-4 63.3 mm
Axial Stress
Column Bar Locations
From Edge of Column Face
2452
Positive Curvature
Negative Curvature
0.48
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
0.64
7.44
Top Bars
JointColumnMeinheit 1977
VII
Beam
Appendix C: Joint Failures
C-143
Meinheit-VII-1977
Mcol(yc) 478 kNm Max db 32.26 mm dbC mm
Mcol(fc) 485 kNm hc/db 10.23 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 616 616 770 NA kN #LegsD
T- 1101 1101 1376 NA kN AVpC mm
2
Mb+ 217 232 289 207 kNm AVpD mm
2
Mb- 373 388 485 316 kNm sVC mm
Vb+ 98 105 131 94 kN sVD mm
Vb- 169 176 220 143 kN fytC MPa
Mcol 285 299 374 253 kNm fytD MPa
Mcol/Mcol(yc) 0.60 0.63 0.78 0.53 VspC/sVC kN/m
Vcol 178 187 234 158 kN Δmax 125 mm VspD/sVD kN/m
Vjh 1539 1530 1912 1444 kN Δy 44.0 mm Vsp/sV kN/m
Vshp/Vjh 0.13 0.14 0.11 0.14 Δy/lc 1.20 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.13 0.14 0.11 0.14 Max Crack NA mm Vb 220 143 kN
Vs
+
reqd 558 363 kN/m
Vs
-
reqd 563 367 kN/m
Vsreqd 563 367 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.23 1.88
First Cycle 1 19.9 0.0 3.00E-06 0.00E+00 0.4 0.4
Projected Yield 1 50.1 0.0 7.54E-06 0.00E+00 1.0 1.0
Max 3 123.1 73.0 7.54E-06 1.02E-04 2.5 14.5 Comment Load Run
Failure/End 3 123.1 73.0 7.54E-06 1.02E-04 2.5 14.5 Yes 4
NA
First Cycle 2 -15.1 0 -3.33E-06 0.00E+00 0.4 0.4 2
Projected Yield 2 -37.9 0.0 -8.35E-06 0.00E+00 1.0 1.0 None
Max 4 -125.4 -87.5 -8.35E-06 -1.22E-04 3.3 15.6 NA
Failure/End 4 -125.4 -87.5 -8.35E-06 -1.22E-04 3.3 15.6 None
None
Projected Yield 1-2 44.0 0.0 7.94E-06 0.00E+00 1.0 1.0 Shear 4
Failure/End 3-4 124.3 80.3 8.35E-06 1.12E-04 2.8 14.4
Adjusted Failure 3-4 130.5 86.5 8.35E-06 1.20E-04 3.0 15.4
Load Run θ Load Run θ
Joint Stirrups Yield
1.09E-04
-1.30E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-3.33E-06
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
691
0
691
1.20E-04
1.29E-04
Averages
φ (mm
-1
)
-8.35E-06
-1.30E-04
7.94E-06
Column Shear-Sway Data
Positive Deflection
1.09E-04
3.00E-06
7.54E-06
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
9.525
NA
100
NA
485
142.5
NA
Joint failed in shear prior to plastic hinges forming in the 
beams.
Stirrup strains were not recorded.
As the beams did not reach yield, the theoretical values 
shall be used for joint demand.
Loading is done with three complete cycles.  Cycle 1 is 
loaded until a visible shear crack is evident in the joint or 
50% of the theoretical yield load.  Cycle 2 is loaded until the 
maximum joint shear is found.  Cycle 3 is loaded until the 
new maximum joint shear is found.
Appendix C: Joint Failures
C-144
Meinheit-VII-1977
1-2
4 Shear failure of joint
Meinheit 1977 VII
Comments
Elastic range
Load Run
Vcol(fb)
Vcol(fb)
Vcol(fb)
Vcol(fb)
Appendix C: Joint Failures
C-145
Meinheit-XIV-1977
Unit lc 3658 mm f'c 33.2 MPa
l'c 1600 mm dbS 12.7 mm
lb 4876 mm hc 330 mm dbT 0 mm
l'b 2209 mm wc 457 mm #legsS 2
hb 457 mm bj 457 mm #legsT 0
wb 406 mm SetsS 6
db5A 32.26 mm SetsT 0
db1 32.26 mm db5B 0 mm sS 50.8 mm
db2 0 mm #5A 2 sT 0 mm
#1 3 #5B 0 AshS 1520 mm
2
#2 0 As5A 1635 mm
2
AshT 0 mm
2
As1 2452 mm
2
As5B 0 mm
2
Ashp 1520 mm
2
As2 0 mm
2
As5 1635 mm
2
SetseS 5.56
Astop 2452 mm
2
fy5A 449 MPa SetseT 0
fy1 449 MPa fy5B 0 MPa Ashpe 1409 mm
2
fy2 0 MPa fy5 449 MPa fyS 409 MPa
fytop 449 MPa fyT 0 MPa
fu1 561 MPa db6 32.26 mm Vshp 622 kN
fu2 0 MPa db7 32.26 mm Vshpe 576 kN
futop 561 MPa db8 0 mm fyh 409 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 25.4 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 1914 1511 kN
#4 3 As6 1635 mm
2
vjho 12.69 10.02 MPa
As3 0 mm
2
As7 1635 mm
2
6vjho/f'c 2.29 1.81 >0.85
As4 1520 mm
2
As8 0 mm
2
vjho/f'c 0.38 0.30
Asbot 1520 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 3269 mm
2
Ajh 5458 4306 mm
2
fy4 405 MPa fy6 449 MPa Vjh 2232 1761 kN
fybot 405 MPa fy7 449 MPa Vjh/Vjho 1.17 1.17
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.32 0.41
fu4 507 MPa fy9 0 MPa Vshpe/Vjho 0.30 0.38
fubot 507 MPa fyint 449 MPa Ashp/Ajh 0.28 0.35
λ2bot 1.25 Fint 1467 kN Ashpe/Ajh 0.26 0.33
Fint/Vjv 0.553 Ajh<0.85 5458 4306 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 66.93 mm αv
d2 NA mm d5 66.9 mm Ajv 3645 2876 mm
2
d3 NA mm d6 174.9 mm Ajvp/Ajv 0.90 1.14
d4 393.7 mm d7 282.9 mm
d1-2 66.93 mm d8 NA mm
d3-4 393.7 mm d9 NA mm
d10 390.3 mm
d'1 390.1 mm
d'2 NA mm N/Agf'c 0.323
d'3 NA mm N 1615 kN
d'4 63.3 mm
d'1-2 390.1 mm
d'3-4 63.3 mm
JointColumn
Beam
Meinheit 1977
XIV
Positive Curvature
Negative Curvature
0.53
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
0.88
6.64
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
2452
Appendix C: Joint Failures
C-146
Meinheit-XIV-1977
Mcol(yc) 440 kNm Max db 32.26 mm dbC mm
Mcol(fc) 483 kNm hc/db 10.23 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 616 616 770 NA kN #LegsD
T- 1101 1101 1376 NA kN AVpC mm
2
Mb+ 216 229 286 209 kNm AVpD mm
2
Mb- 371 385 481 338 kNm sVC mm
Vb+ 98 104 129 95 kN sVD mm
Vb- 168 174 218 153 kN fytC MPa
Mcol 283 296 370 264 kNm fytD MPa
Mcol/Mcol(yc) 0.64 0.67 0.84 0.60 VspC/sVC kN/m
Vcol 177 185 231 165 kN Δmax 154 mm VspD/sVD kN/m
Vjh 1540 1532 1914 1511 kN Δy 52.0 mm Vsp/sV kN/m
Vshp/Vjh 0.40 0.41 0.32 0.41 Δy/lc 1.42 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.37 0.38 0.30 0.38 Max Crack NA mm Vb 218 153 kN
Vs
+
reqd 553 389 kN/m
Vs
-
reqd 559 392 kN/m
Vsreqd 559 392 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.24 1.76
First Cycle 1 18.8 0.0 2.74E-06 0.00E+00 0.4 0.4
Projected Yield 1 51.8 0.0 7.54E-06 0.00E+00 1.0 1.0
Max 3 154.3 102.5 7.54E-06 1.43E-04 3.0 19.9 Comment Load Run
Failure/End 3 154.3 102.5 7.54E-06 1.43E-04 3.0 19.9 Yes 3
NA
First Cycle 2 -20.8 0 -3.33E-06 0.00E+00 0.4 0.4 1
Projected Yield 2 -52.1 0.0 -8.35E-06 0.00E+00 1.0 1.0 None
Max 2 -20.8 0.0 -8.35E-06 0.00E+00 0.4 1.0 NA
Failure/End 2 -20.8 0.0 -8.35E-06 0.00E+00 0.4 1.0 None
Upper & Lower 4
Projected Yield 1-2 52.0 0.0 7.94E-06 0.00E+00 1.0 1.0 Shear 3
Failure/End 2-3 87.6 35.6 8.35E-06 4.96E-05 1.7 6.9
Adjusted Failure 2-3 87.6 35.6 8.35E-06 4.96E-05 1.7 6.9
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
9.525
2
NA
NA
NA
485
NA
100
142.5
NA
Column Shear-Sway Data
Positive Deflection
1.50E-04
2.74E-06
7.54E-06
5.79E-05
5.79E-05
Averages
φ (mm
-1
)
-8.35E-06
-8.35E-06
7.94E-06
Failure Details
Bond Failure Location
Test Reached Failure
691
0
691
Joint Stirrups Yield
1.50E-04
-8.35E-06
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-3.33E-06
Beam Failure Mode
Comments Loading Scenario
Joint failed in shear prior to plastic hinges forming in the 
beams.
Stirrup strains were not recorded.
As the beams did not reach yield, the theoretical values 
shall be used for joint demand.
Bond Failure of the beam bars occurred during load run 4.
Loading is done with three complete cycles.  Cycle 1 is 
loaded until a visible shear crack is evident in the joint or 
50% of the theoretical yield load.  Cycle 2 is loaded until the 
maximum joint shear is found.  Cycle 3 is loaded until the 
new maximum joint shear is found.
Appendix C: Joint Failures
C-147
Meinheit-XIV-1977
5
4 Bond slip in beams
Shear failure of joint
Meinheit 1977 XIV
Comments
Elastic range
Load Run
1-2
Vcol(fb)
Vcol(fb)
Vcol(fb)
Vcol(fb)
Appendix C: Joint Failures
C-148
Morita-No.1-1999
Unit lc 2330 mm f'c 22.1 MPa
l'c 990 mm dbS 10 mm
lb 2800 mm hc 350 mm dbT 0 mm
l'b 1225 mm wc 350 mm #legsS 2
hb 350 mm bj 350 mm #legsT 0
wb 250 mm SetsS 3
db5A 22 mm SetsT 0
db1 25 mm db5B 22 mm sS 90 mm
db2 0 mm #5A 2 sT 0 mm
#1 4 #5B 3 AshS 471 mm
2
#2 0 As5A 760 mm
2
AshT 0 mm
2
As1 1963 mm
2
As5B 1140 mm
2
Ashp 471 mm
2
As2 0 mm
2
As5 1901 mm
2
SetseS 2.83
Astop 1963 mm
2
fy5A 548 MPa SetseT 0
fy1 511 MPa fy5B 548 MPa Ashpe 445 mm
2
fy2 0 MPa fy5 548 MPa fyS 377 MPa
fytop 511 MPa fyT 0 MPa
fu1 639 MPa db6 22 mm Vshp 178 kN
fu2 0 MPa db7 22 mm Vshpe 168 kN
futop 639 MPa db8 22 mm fyh 377 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 25 mm
2
#8 2 0.2f'c MPa
#3 0 #9 0 Vjho 2175 930 kN
#4 4 As6 760 mm
2
vjho 17.75 7.59 MPa
As3 0 mm
2
As7 760 mm
2
6vjho/f'c 4.82 2.06 >0.85
As4 1963 mm
2
As8 760 mm
2
vjho/f'c 0.80 0.34
Asbot 1963 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 2281 mm
2
Ajh 11637 4978 mm
2
fy4 511 MPa fy6 548 MPa Vjh 4387 1877 kN
fybot 511 MPa fy7 548 MPa Vjh/Vjho 2.02 2.02
fu3 0 MPa fy8 548 MPa Vshp/Vjho 0.08 0.19
fu4 639 MPa fy9 0 MPa Vshpe/Vjho 0.08 0.18
fubot 639 MPa fyint 548 MPa Ashp/Ajh 0.04 0.09
λ2bot 1.25 Fint 1250 kN Ashpe/Ajh 0.04 0.09
Fint/Vjv 0.575 Ajh<0.85 11637 4978 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 40 mm αv
d2 NA mm d5 40 mm Ajv 4284 1833 mm
2
d3 NA mm d6 107.5 mm Ajvp/Ajv 0.53 1.24
d4 310 mm d7 175 mm
d1-2 40 mm d8 242.5 mm
d3-4 310 mm d9 NA mm
d10 310 mm
d'1 310 mm
d'2 NA mm N/Agf'c 0.308
d'3 NA mm N 834 kN
d'4 40 mm
d'1-2 310 mm
d'3-4 40 mm
JointColumn
Beam
Morita 1999
No.1
Positive Curvature
Negative Curvature
0.54
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
0.91
4.42
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1963
Appendix C: Joint Failures
C-149
Morita-No.1-1999
Mcol(yc) 397 kNm Max db 25.00 mm dbC mm
Mcol(fc) 382 kNm hc/db 14.00 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 1003 1003 1254 NA kN #LegsD
T- 1003 1003 1254 NA kN AVpC mm
2
Mb+ 266 272 340 145 kNm AVpD mm
2
Mb- 266 272 340 145 kNm sVC mm
Vb+ 217 222 278 118 kN sVD mm
Vb- 217 222 278 118 kN fytC MPa
Mcol 258 264 330 141 kNm fytD MPa
Mcol/Mcol(yc) 0.65 0.67 0.83 0.35 VspC/sVC kN/m
Vcol 261 267 334 142 kN Δmax 46 mm VspD/sVD kN/m
Vjh 1746 1740 2175 930 kN Δy 36.9 mm Vsp/sV kN/m
Vshp/Vjh 0.10 0.10 0.08 0.19 Δy/lc 1.58 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.10 0.10 0.08 0.18 Max Crack Spalling mm Vb 278 118 kN
Vs
+
reqd 896 381 kN/m
Vs
-
reqd 896 381 kN/m
Vsreqd 896 381 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 2.20 5.18
First Cycle 1 11.5 0.0 3.91E-06 0.00E+00 0.3 0.3
Projected Yield 1 36.6 0.0 1.24E-05 0.00E+00 1.0 1.0
Max 11 46.1 9.5 1.24E-05 2.86E-05 1.3 3.3 Comment Load Run
Failure/End 11 46.1 9.5 1.24E-05 2.86E-05 1.3 3.3 Yes 11
NA
First Cycle 2 -11.5 0 -3.85E-06 0.00E+00 0.3 0.3 1
Projected Yield 2 -37.1 0.0 -1.24E-05 0.00E+00 1.0 1.0 None
Max 10 -46.3 -9.2 -1.24E-05 -2.78E-05 1.2 3.2 3/3 11
Failure/End 10 -46.3 -9.2 -1.24E-05 -2.78E-05 1.2 3.2 None
None
Projected Yield 1-2 36.9 0.0 1.24E-05 0.00E+00 1.0 1.0 Shear 11
Failure/End 10-11 46.2 9.4 1.24E-05 2.82E-05 1.3 3.3
Adjusted Failure 10-11 46.2 9.4 1.24E-05 2.82E-05 1.3 3.3
Load Run θ Load Run θ
1 1/400 15 1/33
2 1/400 16 1/33
3 1/200 17 1/25
4 1/200 18 1/25
5 1/200 19 1/25
6 1/200 20 1/25
7 1/100
8 1/100
9 1/100
10 1/100
11 1/50
12 1/50
13 1/50
14 1/50
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
10
4
NA
NA
NA
377
NA
60
314.2
NA
Column Shear-Sway Data
Positive Deflection
4.10E-05
3.91E-06
1.24E-05
4.06E-05
4.06E-05
Averages
φ (mm
-1
)
-1.24E-05
-4.02E-05
1.24E-05
Failure Details
Bond Failure Location
Test Reached Failure
1974
0
1974
Joint Stirrups Yield
4.10E-05
-4.02E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-3.85E-06
Beam Failure Mode
Comments Loading Scenario
Joint failed in shear before beams had yielded.
Bond slip is likely to have occurred but only as a result of 
joint failure.
Appendix C: Joint Failures
C-150
Morita-No.1-1999
20
13
Test end
Morita 1999 No.1
Comments
Elastic cycles
Joint failure
Bond failure
Load Run
1-10
11
Vcol(fb)
Vcol(fb)
Appendix C: Joint Failures
C-151
Morita-No.6-1999
Unit lc 2330 mm f'c 21.7 MPa
l'c 990 mm dbS 10 mm
lb 2800 mm hc 350 mm dbT 0 mm
l'b 1225 mm wc 350 mm #legsS 2
hb 350 mm bj 350 mm #legsT 0
wb 250 mm SetsS 3
db5A 22 mm SetsT 0
db1 16 mm db5B 22 mm sS 90 mm
db2 16 mm #5A 2 sT 0 mm
#1 5 #5B 3 AshS 471 mm
2
#2 2 As5A 760 mm
2
AshT 0 mm
2
As1 1005 mm
2
As5B 1140 mm
2
Ashp 471 mm
2
As2 402 mm
2
As5 1901 mm
2
SetseS 1
Astop 1407 mm
2
fy5A 548 MPa SetseT 0
fy1 508 MPa fy5B 548 MPa Ashpe 157 mm
2
fy2 508 MPa fy5 548 MPa fyS 377 MPa
fytop 508 MPa fyT 0 MPa
fu1 635 MPa db6 22 mm Vshp 178 kN
fu2 635 MPa db7 22 mm Vshpe 59 kN
futop 635 MPa db8 22 mm fyh 377 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 16 mm
2
#7 2 αi
db4 16 mm
2
#8 2 0.2f'c MPa
#3 2 #9 0 Vjho 1563 996 kN
#4 5 As6 760 mm
2
vjho 12.76 8.13 MPa
As3 402 mm
2
As7 760 mm
2
6vjho/f'c 3.53 2.25 >0.85
As4 1005 mm
2
As8 760 mm
2
vjho/f'c 0.59 0.37
Asbot 1407 mm
2
As9 0 mm
2
As mm
2
fy3 508 MPa Asint 2281 mm
2
Ajh 12723 8107 mm
2
fy4 508 MPa fy6 548 MPa Vjh 4796 3056 kN
fybot 508 MPa fy7 548 MPa Vjh/Vjho 3.07 3.07
fu3 635 MPa fy8 548 MPa Vshp/Vjho 0.11 0.18
fu4 635 MPa fy9 0 MPa Vshpe/Vjho 0.04 0.06
fubot 635 MPa fyint 548 MPa Ashp/Ajh 0.04 0.06
λ2bot 1.25 Fint 1250 kN Ashpe/Ajh 0.01 0.02
Fint/Vjv 0.800 Ajh<0.85 12723 8107 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 40 mm αv
d2 95 mm d5 40 mm Ajv 8923 5686 mm
2
d3 255 mm d6 107.5 mm Ajvp/Ajv 0.26 0.40
d4 310 mm d7 175 mm
d1-2 55.7 mm d8 242.5 mm
d3-4 294.3 mm d9 NA mm
d10 310 mm
d'1 310 mm
d'2 255 mm N/Agf'c -0.313
d'3 95 mm N -833 kN
d'4 40 mm
d'1-2 294.3 mm
d'3-4 55.7 mm
JointColumnMorita 1999
No.6
Beam
Positive Curvature
Negative Curvature
1.02
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.90
4.34
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1407
Appendix C: Joint Failures
C-152
Morita-No.6-1999
Mcol(yc) 252 kNm Max db 16.00 mm dbC mm
Mcol(fc) 318 kNm hc/db 21.88 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 657 715 894 NA kN #LegsD
T- 657 715 894 NA kN AVpC mm
2
Mb+ 166 183 229 135 kNm AVpD mm
2
Mb- 166 183 229 135 kNm sVC mm
Vb+ 136 149 187 110 kN sVD mm
Vb- 136 149 187 110 kN fytC MPa
Mcol 161 178 222 131 kNm fytD MPa
Mcol/Mcol(yc) 0.64 0.71 0.88 0.52 VspC/sVC kN/m
Vcol 163 179 224 132 kN Δmax 69 mm VspD/sVD kN/m
Vjh 1150 1251 1563 996 kN Δy 49.6 mm Vsp/sV kN/m
Vshp/Vjh 0.15 0.14 0.11 0.18 Δy/lc 2.13 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.05 0.05 0.04 0.06 Max Crack Spalling mm Vb 187 110 kN
Vs
+
reqd 634 373 kN/m
Vs
-
reqd 634 373 kN/m
Vsreqd 634 373 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 3.11 5.29
First Cycle 1 10.5 0.0 2.62E-06 0.00E+00 0.2 0.2
Projected Yield 1 49.4 0.0 1.23E-05 0.00E+00 1.0 1.0
Max 15 69.4 20.0 1.23E-05 6.02E-05 1.4 5.9 Comment Load Run
Failure/End 15 69.4 20.0 1.23E-05 6.02E-05 1.4 5.9 Yes 15
NA
First Cycle 2 -12.4 0 -3.07E-06 0.00E+00 0.2 0.2 1
Projected Yield 2 -49.9 0.0 -1.23E-05 0.00E+00 1.0 1.0 None
Max 16 -68.7 -18.9 -1.23E-05 -5.70E-05 1.4 5.6 3/3
Failure/End 16 -68.7 -18.9 -1.23E-05 -5.70E-05 1.4 5.6 None
None
Projected Yield 1-2 49.6 0.0 1.23E-05 0.00E+00 1.0 1.0 Shear 15
Failure/End 15-16 69.1 19.4 1.23E-05 5.86E-05 1.4 5.8
Adjusted Failure 15-16 69.1 19.4 1.23E-05 5.86E-05 1.4 5.8
Load Run θ Load Run θ
1 1/400 15 1/33
2 1/400 16 1/33
3 1/200 17 1/25
4 1/200 18 1/25
5 1/200 19 1/25
6 1/200 20 1/25
7 1/100
8 1/100
9 1/100
10 1/100
11 1/50
12 1/50
13 1/50
14 1/50
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
4
NA
10
NA
60
NA
377
314.2
NA
Column Shear-Sway Data
Positive Deflection
7.26E-05
2.62E-06
1.23E-05
7.10E-05
7.10E-05
Averages
φ (mm
-1
)
-1.23E-05
-6.93E-05
1.23E-05
Failure Details
Bond Failure Location
Test Reached Failure
1974
0
1974
Joint Stirrups Yield
7.26E-05
-6.93E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-3.07E-06
Beam Failure Mode
Comments Loading Scenario
Joint failed prior to beam  hinging.
Bond failure is evident in cycle 16 after joint failure in cycle 
15.
Appendix C: Joint Failures
C-153
Morita-No.6-1999
20
15
Test end
Morita 1999 No.6
Comments
Elastic cycles
Joint failure
Bond Failure
Load Run
1-10
15
Vcol(fb)
Vcol(fb)
Appendix C: Joint Failures
C-154
Morita-M1-2004
Unit lc 2330 mm f'c 17.1 MPa
l'c 965 mm dbS 6 mm
lb 2800 mm hc 350 mm dbT 0 mm
l'b 1225 mm wc 300 mm #legsS 2
hb 400 mm bj 300 mm #legsT 0
wb 300 mm SetsS 2
db5A 22 mm SetsT 0
db1 25 mm db5B 22 mm sS 80 mm
db2 0 mm #5A 2 sT 0 mm
#1 4 #5B 3 AshS 113 mm
2
#2 0 As5A 760 mm
2
AshT 0 mm
2
As1 1963 mm
2
As5B 1140 mm
2
Ashp 113 mm
2
As2 0 mm
2
As5 1901 mm
2
SetseS 2
Astop 1963 mm
2
fy5A 520 MPa SetseT 0
fy1 520 MPa fy5B 520 MPa Ashpe 113 mm
2
fy2 0 MPa fy5 520 MPa fyS 344 MPa
fytop 520 MPa fyT 0 MPa
fu1 650 MPa db6 22 mm Vshp 39 kN
fu2 0 MPa db7 22 mm Vshpe 39 kN
futop 650 MPa db8 22 mm fyh 344 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 25 mm
2
#8 2 0.2f'c MPa
#3 0 #9 0 Vjho 2207 773 kN
#4 4 As6 760 mm
2
vjho 21.02 7.36 MPa
As3 0 mm
2
As7 760 mm
2
6vjho/f'c 7.38 2.58 >0.85
As4 1963 mm
2
As8 760 mm
2
vjho/f'c 1.23 0.43
Asbot 1963 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 2281 mm
2
Ajh 30649 10734 mm
2
fy4 520 MPa fy6 520 MPa Vjh 10543 3692 kN
fybot 520 MPa fy7 520 MPa Vjh/Vjho 4.78 4.78
fu3 0 MPa fy8 520 MPa Vshp/Vjho 0.02 0.05
fu4 650 MPa fy9 0 MPa Vshpe/Vjho 0.02 0.05
fubot 650 MPa fyint 520 MPa Ashp/Ajh 0.00 0.01
λ2bot 1.25 Fint 1186 kN Ashpe/Ajh 0.00 0.01
Fint/Vjv 0.470 Ajh<0.85 30649 10734 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 65 mm αv
d2 NA mm d5 40 mm Ajv 16221 5681 mm
2
d3 NA mm d6 107.5 mm Ajvp/Ajv 0.14 0.40
d4 335 mm d7 175 mm
d1-2 65 mm d8 242.5 mm
d3-4 335 mm d9 NA mm
d10 310 mm
d'1 335 mm
d'2 NA mm N/Agf'c 0.000
d'3 NA mm N 0 kN
d'4 65 mm
d'1-2 335 mm
d'3-4 65 mm
JointColumn
Beam
Morita 2004
M1
Positive Curvature
Negative Curvature
0.70
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.40
3.42
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1963
Appendix C: Joint Failures
C-155
Morita-M1-2004
Mcol(yc) 306 kNm Max db 25.00 mm dbC mm
Mcol(fc) 337 kNm hc/db 14.00 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 1021 1021 1276 NA kN #LegsD
T- 1021 1021 1276 NA kN AVpC mm
2
Mb+ 279 282 352 120 kNm AVpD mm
2
Mb- 279 282 352 120 kNm sVC mm
Vb+ 228 230 287 98 kN sVD mm
Vb- 228 230 287 98 kN fytC MPa
Mcol 264 267 333 114 kNm fytD MPa
Mcol/Mcol(yc) 0.86 0.87 1.09 0.37 VspC/sVC kN/m
Vcol 274 276 345 118 kN Δmax 45 mm VspD/sVD kN/m
Vjh 1768 1766 2207 773 kN Δy 54.9 mm Vsp/sV kN/m
Vshp/Vjh 0.02 0.02 0.02 0.05 Δy/lc 2.36 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.02 0.02 0.02 0.05 Max Crack Spalling mm Vb 287 98 kN
Vs
+
reqd 858 293 kN/m
Vs
-
reqd 858 293 kN/m
Vsreqd 858 293 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 2.59 7.57
First Cycle 1 11.5 0.0 2.32E-06 0.00E+00 0.2 0.2
Projected Yield 1 54.5 0.0 1.11E-05 0.00E+00 1.0 1.0
Max 11 45.1 0.0 1.11E-05 0.00E+00 0.8 1.0 Comment Load Run
Failure/End 11 45.1 0.0 1.11E-05 0.00E+00 0.8 1.0 Yes 11
NA
First Cycle 2 -12.2 0 -2.44E-06 0.00E+00 0.2 0.2 1
Projected Yield 2 -55.3 0.0 -1.11E-05 0.00E+00 1.0 1.0 None
Max 10 -23.7 0.0 -1.11E-05 0.00E+00 0.4 1.0 NA
Failure/End 10 -23.7 0.0 -1.11E-05 0.00E+00 0.4 1.0 None
None
Projected Yield 1-2 54.9 0.0 1.11E-05 0.00E+00 1.0 1.0 Shear
Failure/End 10-11 34.4 0.0 6.92E-06 0.00E+00 0.6 0.6
Adjusted Failure 10-11 34.4 0.0 6.92E-06 0.00E+00 0.6 0.6
Load Run μ θ Load Run μ θ
1 0.106 1/400 15 1.272 1/33
2 -0.106 1/400 16 -1.272 1/33
3 0.212 1/200 17 1.696 1/25
4 -0.212 1/200 18 -1.696 1/25
5 0.212 1/200 19 1.696 1/25
6 -0.212 1/200 20 -1.696 1/25
7 0.424 1/100
8 -0.424 1/100
9 0.424 1/100
10 -0.424 1/100
11 0.848 1/50
12 -0.848 1/50
13 0.848 1/50
14 -0.848 1/50
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
10
4
NA
NA
NA
424
NA
60
314.2
NA
Column Shear-Sway Data
Positive Deflection
1.11E-05
2.32E-06
1.11E-05
6.92E-06
6.92E-06
Averages
φ (mm
-1
)
-1.11E-05
-1.11E-05
1.11E-05
Failure Details
Bond Failure Location
Test Reached Failure
2220
0
2220
Joint Stirrups Yield
1.11E-05
-1.11E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-2.44E-06
Beam Failure Mode
Comments Loading Scenario
Very low joint reinforcement content.
Shear failure of the joint occurred well before the beams 
developed plastic hinges.
No bond slip was recorded prior to failure of the joint core.
Appendix C: Joint Failures
C-156
Morita-M1-2004
20
11
Test end
Morita 2004 M1
Comments
Elastic loading
Maximum load sustained during testing
Joint failure
Load Run
1-10
11
Appendix C: Joint Failures
C-157
Morita-M4-2004
Unit lc 2330 mm f'c 20.6 MPa
l'c 965 mm dbS 13 mm
lb 2800 mm hc 350 mm dbT 0 mm
l'b 1225 mm wc 300 mm #legsS 4
hb 400 mm bj 300 mm #legsT 0
wb 300 mm SetsS 4
db5A 22 mm SetsT 0
db1 25 mm db5B 22 mm sS 40 mm
db2 0 mm #5A 2 sT 0 mm
#1 4 #5B 3 AshS 2124 mm
2
#2 0 As5A 760 mm
2
AshT 0 mm
2
As1 1963 mm
2
As5B 1140 mm
2
Ashp 2124 mm
2
As2 0 mm
2
As5 1901 mm
2
SetseS 4
Astop 1963 mm
2
fy5A 520 MPa SetseT 0
fy1 520 MPa fy5B 520 MPa Ashpe 2124 mm
2
fy2 0 MPa fy5 520 MPa fyS 344 MPa
fytop 520 MPa fyT 0 MPa
fu1 650 MPa db6 22 mm Vshp 731 kN
fu2 0 MPa db7 22 mm Vshpe 731 kN
futop 650 MPa db8 22 mm fyh 344 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 2 αi
db4 25 mm
2
#8 2 0.2f'c MPa
#3 0 #9 0 Vjho 2203 904 kN
#4 4 As6 760 mm
2
vjho 20.98 8.61 MPa
As3 0 mm
2
As7 760 mm
2
6vjho/f'c 6.11 2.51 >0.85
As4 1963 mm
2
As8 760 mm
2
vjho/f'c 1.02 0.42
Asbot 1963 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 2281 mm
2
Ajh 25393 10420 mm
2
fy4 520 MPa fy6 520 MPa Vjh 8735 3585 kN
fybot 520 MPa fy7 520 MPa Vjh/Vjho 3.97 3.97
fu3 0 MPa fy8 520 MPa Vshp/Vjho 0.33 0.81
fu4 650 MPa fy9 0 MPa Vshpe/Vjho 0.33 0.81
fubot 650 MPa fyint 520 MPa Ashp/Ajh 0.08 0.20
λ2bot 1.25 Fint 1186 kN Ashpe/Ajh 0.08 0.20
Fint/Vjv 0.471 Ajh<0.85 25393 10420 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 65 mm αv
d2 NA mm d5 40 mm Ajv 13439 5515 mm
2
d3 NA mm d6 107.5 mm Ajvp/Ajv 0.17 0.41
d4 335 mm d7 175 mm
d1-2 65 mm d8 242.5 mm
d3-4 335 mm d9 NA mm
d10 310 mm
d'1 335 mm
d'2 NA mm N/Agf'c 0.000
d'3 NA mm N 0 kN
d'4 65 mm
d'1-2 335 mm
d'3-4 65 mm
Axial Stress
Column Bar Locations
From Edge of Column Face
1963
Positive Curvature
Negative Curvature
0.70
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.40
4.12
Top Bars
JointColumnMorita 2004
M4
Beam
Appendix C: Joint Failures
C-158
Morita-M4-2004
Mcol(yc) 311 kNm Max db 25.00 mm dbC mm
Mcol(fc) 349 kNm hc/db 14.00 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 1021 1021 1276 NA kN #LegsD
T- 1021 1021 1276 NA kN AVpC mm
2
Mb+ 282 285 356 141 kNm AVpD mm
2
Mb- 282 285 356 141 kNm sVC mm
Vb+ 230 233 291 115 kN sVD mm
Vb- 230 233 291 115 kN fytC MPa
Mcol 267 270 337 133 kNm fytD MPa
Mcol/Mcol(yc) 0.86 0.87 1.09 0.43 VspC/sVC kN/m
Vcol 277 280 350 138 kN Δmax 49 mm VspD/sVD kN/m
Vjh 1765 1762 2203 904 kN Δy 48.4 mm Vsp/sV kN/m
Vshp/Vjh 0.41 0.41 0.33 0.81 Δy/lc 2.08 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.41 0.41 0.33 0.81 Max Crack Spalling mm Vb 291 115 kN
Vs
+
reqd 868 343 kN/m
Vs
-
reqd 868 343 kN/m
Vsreqd 868 343 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 2.56 6.48
First Cycle 3 11.8 0.0 2.76E-06 0.00E+00 0.2 0.2
Projected Yield 3 47.4 0.0 1.11E-05 0.00E+00 1.0 1.0
Max 11 49.0 1.6 1.11E-05 4.22E-06 1.0 1.4 Comment Load Run
Failure/End 11 49.0 1.6 1.11E-05 4.22E-06 1.0 1.4 Yes 11
Na
First Cycle 4 -12.7 0 -2.84E-06 0.00E+00 0.3 0.3 1
Projected Yield 4 -49.4 0.0 -1.11E-05 0.00E+00 1.0 1.0 None
Max 12 -49.4 0.0 -1.11E-05 0.00E+00 1.0 1.0 NA
Failure/End 10 -24.1 0.0 -1.11E-05 0.00E+00 0.5 1.0 None
None
Projected Yield 1-2 48.4 0.0 1.11E-05 0.00E+00 1.0 1.0 Shear
Failure/End 10-11 36.5 0.0 8.34E-06 0.00E+00 0.8 0.8
Adjusted Failure 10-11 36.5 0.0 8.34E-06 0.00E+00 0.8 0.8
Load Run μ θ Load Run μ θ
1 0.106 1/400 15 1.272 1/33
2 -0.106 1/400 16 -1.272 1/33
3 0.212 1/200 17 1.696 1/25
4 -0.212 1/200 18 -1.696 1/25
5 0.212 1/200 19 1.696 1/25
6 -0.212 1/200 20 -1.696 1/25
7 0.424 1/100
8 -0.424 1/100
9 0.424 1/100
10 -0.424 1/100
11 0.848 1/50
12 -0.848 1/50
13 0.848 1/50
14 -0.848 1/50
Joint Stirrups Yield
1.53E-05
-1.11E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-2.84E-06
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
2220
0
2220
8.34E-06
8.34E-06
Averages
φ (mm
-1
)
-1.11E-05
-1.11E-05
1.11E-05
Column Shear-Sway Data
Positive Deflection
1.53E-05
2.76E-06
1.11E-05
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
4
NA
10
NA
60
NA
424
314.2
NA
Very low joint reinforcement content.
Shear failure of the joint occurred well before the beams 
developed plastic hinges.
No bond slip was recorded prior to failure of the joint core.
Extra D25 were welded on either side of the beam bars 
within the joint zone to improve bond performance.
Appendix C: Joint Failures
C-159
Morita-M4-2004
20
11
Test end
Morita 2004 M4
Comments
Elastic loading
Maximum load sustained during testing
Joint failure
Load Run
1-10
11
Appendix C: Joint Failures
C-160
Nogushi-OKJ-5-1992
Unit lc 1470 mm f'c 70 MPa
l'c 585 mm dbS 6 mm
lb 2700 mm hc 300 mm dbT 0 mm
l'b 1200 mm wc 300 mm #legsS 4
hb 300 mm bj 300 mm #legsT 0
wb 200 mm SetsS 3
db5A 13 mm SetsT 0
db1 13 mm db5B 13 mm sS 50 mm
db2 13 mm #5A 2 sT 0 mm
#1 5 #5B 4 AshS 339 mm
2
#2 5 As5A 265 mm
2
AshT 0 mm
2
As1 664 mm
2
As5B 531 mm
2
Ashp 339 mm
2
As2 664 mm
2
As5 796 mm
2
SetseS 2.94
Astop 1327 mm
2
fy5A 718 MPa SetseT 0
fy1 718 MPa fy5B 718 MPa Ashpe 333 mm
2
fy2 718 MPa fy5 718 MPa fyS 955 MPa
fytop 718 MPa fyT 0 MPa
fu1 898 MPa db6 13 mm Vshp 324 kN
fu2 898 MPa db7 13 mm Vshpe 318 kN
futop 898 MPa db8 13 mm fyh 955 MPa
λ2top 1.25 db9 13 mm
#6 2 Theoretical (ub) Measured (M)
db3 13 mm
2
#7 4 αi
db4 13 mm
2
#8 4 0.2f'c MPa
#3 5 #9 2 Vjho 1979 1377 kN
#4 5 As6 265 mm
2
vjho 21.99 15.30 MPa
As3 664 mm
2
As7 531 mm
2
6vjho/f'c 1.89 1.31 >0.85
As4 664 mm
2
As8 531 mm
2
vjho/f'c 0.31 0.22
Asbot 1327 mm
2
As9 265 mm
2
As mm
2
fy3 718 MPa Asint 1593 mm
2
Ajh 2273 1581 mm
2
fy4 718 MPa fy6 718 MPa Vjh 2170 1510 kN
fybot 718 MPa fy7 718 MPa Vjh/Vjho 1.10 1.10
fu3 898 MPa fy8 718 MPa Vshp/Vjho 0.16 0.24
fu4 898 MPa fy9 718 MPa Vshpe/Vjho 0.16 0.23
fubot 898 MPa fyint 718 MPa Ashp/Ajh 0.15 0.21
λ2bot 1.25 Fint 1144 kN Ashpe/Ajh 0.15 0.21
Fint/Vjv 0.578 Ajh<0.85 2273 1581 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 30 mm αv
d2 70 mm d5 40 mm Ajv 1889 1314 mm
2
d3 230 mm d6 84 mm Ajvp/Ajv 0.84 1.21
d4 270 mm d7 128 mm
d1-2 50 mm d8 172 mm
d3-4 250 mm d9 216 mm
d10 260 mm
d'1 270 mm
d'2 230 mm N/Agf'c 0.120
d'3 70 mm N 756 kN
d'4 30 mm
d'1-2 250 mm
d'3-4 50 mm
JointColumn
Beam
Nogushi 1992
OKJ-5
Positive Curvature
Negative Curvature
0.63
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.21
14
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1327
Appendix C: Joint Failures
C-161
Nogushi-OKJ-5-1992
Mcol(yc) 259 kNm Max db 13.00 mm dbC mm
Mcol(fc) 277 kNm hc/db 23.08 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 847 953 1191 NA kN #LegsD
T- 847 953 1191 NA kN AVpC mm
2
Mb+ 185 211 263 163 kNm AVpD mm
2
Mb- 185 211 263 163 kNm sVC mm
Vb+ 154 176 219 136 kN sVD mm
Vb- 154 176 219 136 kN fytC MPa
Mcol 166 189 236 146 kNm fytD MPa
Mcol/Mcol(yc) 0.64 0.73 0.91 0.56 VspC/sVC kN/m
Vcol 284 322 403 249 kN Δmax 45 mm VspD/sVD kN/m
Vjh 1411 1584 1979 1377 kN Δy 29.2 mm Vsp/sV kN/m
Vshp/Vjh 0.23 0.20 0.16 0.24 Δy/lc 1.99 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.23 0.20 0.16 0.23 Max Crack NA mm Vb 219 136 kN
Vs
+
reqd 878 542 kN/m
Vs
-
reqd 878 542 kN/m
Vsreqd 878 542 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.23 1.99
First Cycle 1 15.1 0.0 1.09E-05 0.00E+00 0.5 0.5
Projected Yield 1 28.3 0.0 2.03E-05 0.00E+00 1.0 1.0
Max 13 44.7 16.4 2.03E-05 8.93E-05 1.6 5.4 Comment Load Run
Failure/End 13 44.7 16.4 2.03E-05 8.93E-05 1.6 5.4 Yes 14
NA
First Cycle 2 -15.0 0 -1.01E-05 0.00E+00 0.5 0.5 2
Projected Yield 2 -30.1 0.0 -2.03E-05 0.00E+00 1.0 1.0 None
Max 14 -44.0 -13.9 -2.03E-05 -7.56E-05 1.5 4.7 NA
Failure/End 14 -44.0 -13.9 -2.03E-05 -7.56E-05 1.5 4.7 None
None
Projected Yield 1-2 29.2 0.0 2.03E-05 0.00E+00 1.0 1.0 Shear 14
Failure/End 13-14 44.4 15.2 2.03E-05 8.24E-05 1.5 5.1
Adjusted Failure 13-14 46.6 17.4 2.03E-05 9.45E-05 1.6 5.6
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
6
2
NA
NA
NA
955
NA
50
56.5
NA
Column Shear-Sway Data
Positive Deflection
1.10E-04
1.09E-05
2.03E-05
1.03E-04
1.15E-04
Averages
φ (mm
-1
)
-2.03E-05
-9.60E-05
2.03E-05
Failure Details
Bond Failure Location
Test Reached Failure
1080
0
1080
Joint Stirrups Yield
1.10E-04
-9.60E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-1.01E-05
Beam Failure Mode
Comments Loading Scenario
The specimen did not reach 80% of the theoretical column 
shear force.  For the sake of comparison the failure of this 
specimen is taken at the  maximum sustained column 
shears in load runs 13 and 14.
Very high strength concrete and  bars.
Appendix C: Joint Failures
C-162
Nogushi-OKJ-5-1992
Nogushi 1992 OKJ-5
Comments
Elastic loading
Load Run
1-8
21
14 Joint failure
Test end
Vcol(fb)
Vcol(fb)
Appendix C: Joint Failures
C-163
Nogushi-OKJ-6-1992
Unit lc 1470 mm f'c 53.5 MPa
l'c 585 mm dbS 6 mm
lb 2700 mm hc 300 mm dbT 0 mm
l'b 1200 mm wc 300 mm #legsS 4
hb 300 mm bj 300 mm #legsT 0
wb 200 mm SetsS 3
db5A 13 mm SetsT 0
db1 13 mm db5B 13 mm sS 50 mm
db2 13 mm #5A 2 sT 0 mm
#1 4 #5B 4 AshS 339 mm
2
#2 4 As5A 265 mm
2
AshT 0 mm
2
As1 531 mm
2
As5B 531 mm
2
Ashp 339 mm
2
As2 531 mm
2
As5 796 mm
2
SetseS 2.94
Astop 1062 mm
2
fy5A 718 MPa SetseT 0
fy1 718 MPa fy5B 718 MPa Ashpe 333 mm
2
fy2 718 MPa fy5 718 MPa fyS 955 MPa
fytop 718 MPa fyT 0 MPa
fu1 898 MPa db6 13 mm Vshp 324 kN
fu2 898 MPa db7 13 mm Vshpe 318 kN
futop 898 MPa db8 13 mm fyh 955 MPa
λ2top 1.25 db9 13 mm
#6 2 Theoretical (ub) Measured (M)
db3 13 mm
2
#7 2 αi
db4 13 mm
2
#8 2 0.2f'c MPa
#3 2 #9 2 Vjho 1476 1158 kN
#4 5 As6 265 mm
2
vjho 16.40 12.86 MPa
As3 265 mm
2
As7 265 mm
2
6vjho/f'c 1.84 1.44 >0.85
As4 664 mm
2
As8 265 mm
2
vjho/f'c 0.31 0.24
Asbot 929 mm
2
As9 265 mm
2
As mm
2
fy3 718 MPa Asint 1062 mm
2
Ajh 1774 1391 mm
2
fy4 718 MPa fy6 718 MPa Vjh 1694 1329 kN
fybot 718 MPa fy7 718 MPa Vjh/Vjho 1.15 1.15
fu3 898 MPa fy8 718 MPa Vshp/Vjho 0.22 0.28
fu4 898 MPa fy9 718 MPa Vshpe/Vjho 0.22 0.27
fubot 898 MPa fyint 718 MPa Ashp/Ajh 0.19 0.24
λ2bot 1.25 Fint 762 kN Ashpe/Ajh 0.19 0.24
Fint/Vjv 0.517 Ajh<0.85 1774 1391 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 30 mm αv
d2 70 mm d5 40 mm Ajv 1475 1157 mm
2
d3 230 mm d6 84 mm Ajvp/Ajv 0.72 0.92
d4 270 mm d7 128 mm
d1-2 50 mm d8 172 mm
d3-4 259 mm d9 216 mm
d10 260 mm
d'1 270 mm
d'2 230 mm N/Agf'c 0.120
d'3 70 mm N 578 kN
d'4 30 mm
d'1-2 250 mm
d'3-4 41 mm
JointColumn
Beam
Nogushi 1992
OKJ-6
Positive Curvature
Negative Curvature
0.63
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.21
10.7
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1062
Appendix C: Joint Failures
C-164
Nogushi-OKJ-6-1992
Mcol(yc) 226 kNm Max db 13.00 mm dbC mm
Mcol(fc) 240 kNm hc/db 23.08 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 626 667 834 NA kN #LegsD
T- 679 762 953 NA kN AVpC mm
2
Mb+ 143 156 194 138 kNm AVpD mm
2
Mb- 149 169 212 150 kNm sVC mm
Vb+ 119 130 162 115 kN sVD mm
Vb- 125 141 177 125 kN fytC MPa
Mcol 131 145 182 129 kNm fytD MPa
Mcol/Mcol(yc) 0.58 0.64 0.80 0.57 VspC/sVC kN/m
Vcol 224 249 311 220 kN Δmax 44 mm VspD/sVD kN/m
Vjh 1081 1181 1476 1158 kN Δy 25.9 mm Vsp/sV kN/m
Vshp/Vjh 0.30 0.27 0.22 0.28 Δy/lc 1.76 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.29 0.27 0.22 0.27 Max Crack NA mm Vb 177 125 kN
Vs
+
reqd 683 483 kN/m
Vs
-
reqd 706 499 kN/m
Vsreqd 706 499 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.53 2.16
First Cycle 1 14.9 0.0 1.28E-05 0.00E+00 0.6 0.6
Projected Yield 1 23.7 0.0 2.03E-05 0.00E+00 1.0 1.0
Max 13 43.8 20.1 2.03E-05 1.09E-04 1.8 6.4 Comment Load Run
Failure/End 15 43.8 20.1 2.03E-05 1.09E-04 1.8 6.4 Yes 15
NA 15
First Cycle 2 -15.0 0 -1.09E-05 0.00E+00 0.5 0.5 1
Projected Yield 2 -28.1 0.0 -2.03E-05 0.00E+00 1.0 1.0 None
Max 14 -29.8 -1.7 -2.03E-05 -9.25E-06 1.1 1.5 NA
Failure/End 14 -29.8 -1.7 -2.03E-05 -9.25E-06 1.1 1.5 None
None
Projected Yield 1-2 25.9 0.0 2.03E-05 0.00E+00 1.0 1.0 Shear 15
Failure/End 14-15 36.8 10.9 2.03E-05 5.93E-05 1.4 3.9
Adjusted Failure 14-15 36.8 10.9 2.03E-05 5.93E-05 1.4 3.9
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
6
2
NA
NA
NA
955
NA
50
56.5
NA
Column Shear-Sway Data
Positive Deflection
1.30E-04
1.28E-05
2.03E-05
7.97E-05
7.97E-05
Averages
φ (mm
-1
)
-2.03E-05
-2.96E-05
2.03E-05
Failure Details
Bond Failure Location
Test Reached Failure
1080
0
1080
Joint Stirrups Yield
1.30E-04
-2.96E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-1.09E-05
Beam Failure Mode
Comments Loading Scenario
The specimen did not reach the theoretical beam yield 
strength and thus failure is defined as 80% of the 
theoretical column shear load.  This failure occur in the 
joint at load run 15.
Very high strength concrete and  bars.
Appendix C: Joint Failures
C-165
Nogushi-OKJ-6-1992
21
15 Joint failure
Test end
Nogushi 1992 OKJ-6
Comments
Elastic loading
Load Run
1-8
Vcol(fb)
Vcol(fb)
Appendix C: Joint Failures
C-166
Shiohara-BO2-2009
Unit lc 1400 mm f'c 29 MPa
l'c 580 mm dbS 6 mm
lb 1400 mm hc 240 mm dbT 0 mm
l'b 580 mm wc 240 mm #legsS 2
hb 240 mm bj 240 mm #legsT 0
wb 240 mm SetsS 2
db5A 13 mm SetsT 0
db1 13 mm db5B 13 mm sS NA mm
db2 0 mm #5A 2 sT NA mm
#1 5 #5B 3 AshS 113 mm
2
#2 0 As5A 265 mm
2
AshT 0 mm
2
As1 664 mm
2
As5B 398 mm
2
Ashp 113 mm
2
As2 0 mm
2
As5 664 mm
2
SetseS 2
Astop 664 mm
2
fy5A 378 MPa SetseT 0
fy1 378 MPa fy5B 378 MPa Ashpe 113 mm
2
fy2 0 MPa fy5 378 MPa fyS 399 MPa
fytop 378 MPa fyT 0 MPa
fu1 416 MPa db6 0 mm Vshp 45 kN
fu2 0 MPa db7 0 mm Vshpe 45 kN
futop 416 MPa db8 0 mm fyh 399 MPa
λ2top 1.10 db9 0 mm
#6 0 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 0 αi
db4 13 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 457 382 kN
#4 5 As6 0 mm
2
vjho 7.93 6.63 MPa
As3 0 mm
2
As7 0 mm
2
6vjho/f'c 1.64 1.37 >0.85
As4 664 mm
2
As8 0 mm
2
vjho/f'c 0.27 0.23
Asbot 664 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 0 mm
2
Ajh 1445 1208 mm
2
fy4 378 MPa fy6 0 MPa Vjh 576 482 kN
fybot 378 MPa fy7 0 MPa Vjh/Vjho 1.26 1.26
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.10 0.12
fu4 416 MPa fy9 0 MPa Vshpe/Vjho 0.10 0.12
fubot 416 MPa fyint 0 MPa Ashp/Ajh 0.08 0.09
λ2bot 1.10 Fint 0 kN Ashpe/Ajh 0.08 0.09
Fint/Vjv 0.000 Ajh<0.85 1445 1208 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 24 mm αv
d2 NA mm d5 24 mm Ajv NA NA mm
2
d3 NA mm d6 NA mm Ajvp/Ajv NA NA
d4 216 mm d7 NA mm
d1-2 24 mm d8 NA mm
d3-4 216 mm d9 NA mm
d10 216 mm
d'1 216 mm
d'2 NA mm N/Agf'c 0.000
d'3 NA mm N 0 kN
d'4 24 mm
d'1-2 216 mm
d'3-4 24 mm
Axial Stress
Column Bar Locations
From Edge of Column Face
664
Positive Curvature
Negative Curvature
0.70
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.40
5.8
Top Bars
JointColumn
Beam
Shiohara 2009
B02
Appendix C: Joint Failures
C-167
Shiohara-BO2-2009
Mcol(yc) 48 kNm Max db 13.00 mm dbC mm
Mcol(fc) 50 kNm hc/db 18.46 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 251 251 276 NA kN #LegsD
T- 251 251 276 NA kN AVpC mm
2
Mb+ 48 50 55 44 kNm AVpD mm
2
Mb- 48 50 55 44 kNm sVC mm
Vb+ 83 86 95 76 kN sVD mm
Vb- 83 86 95 76 kN fytC MPa
Mcol 48 50 55 44 kNm fytD MPa
Mcol/Mcol(yc) 1.00 1.03 1.14 0.91 VspC/sVC kN/m
Vcol 83 86 95 76 kN Δmax 28 mm VspD/sVD kN/m
Vjh 418 415 457 382 kN Δy 19.5 mm Vsp/sV kN/m
Vshp/Vjh 0.11 0.11 0.10 0.12 Δy/lc 1.39 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.11 0.11 0.10 0.12 Max Crack NA mm Vb 95 76 kN
Vs
+
reqd 439 351 kN/m
Vs
-
reqd 439 351 kN/m
Vsreqd 439 351 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.03 1.29
3/4 Theoretical NA 15.3 0.0 1.00E-05 0.00E+00 0.8 0.8
Projected Yield NA 20.3 0.0 1.34E-05 0.00E+00 1.0 1.0
Max Shear 19 28.0 7.7 1.34E-05 6.13E-05 1.4 5.6 Comment Load Run
Failure/End 19 28.0 7.7 1.34E-05 6.13E-05 1.4 5.6 Yes 19
3.9
3/4 Theoretical NA -14.0 0 -1.00E-05 0.00E+00 0.8 0.8 1
Projected Yield NA -18.7 0.0 -1.34E-05 0.00E+00 1.0 1.0 None
Max Shear 16 -20.7 -2.1 -1.34E-05 -1.65E-05 1.1 2.2 NA
Failure/End 18 -20.7 -2.0 -1.34E-05 -1.63E-05 1.1 2.2 None
Unknown 17
Projected Yield NA 19.5 0.0 1.34E-05 0.00E+00 1.0 1.0 Shear 19
Failure/End 18-19 24.4 4.8 1.34E-05 3.88E-05 1.2 3.9
Adjusted Failure 18-19 24.4 4.8 1.34E-05 3.88E-05 1.2 3.9
Load Run θ Load Run θ
1 x 15 1/67 x = load controlled prior to cracking
2 x 16 1/67
3 1/400 17 1/67
4 1/400 18 1/67
5 1/400 19 1/50
6 1/400 20 1/50
7 1/200 21 1/50
8 1/200 22 1/50
9 1/200 23 1/33
10 1/200 24 1/33
11 1/100 25 1/33
12 1/100 26 1/33
13 1/100
14 1/100
Joint Stirrups Yield
7.47E-05
-2.98E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-1.00E-05
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
451
0
451
5.22E-05
5.22E-05
Averages
φ (mm
-1
)
-1.34E-05
-2.97E-05
1.34E-05
Column Shear-Sway Data
Positive Deflection
7.47E-05
1.00E-05
1.34E-05
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
6
NA
50
NA
399
56.5
NA
The lever arm between tension and compression 
reinforcement is 0.8h in both the beams and the columns.
No intermediate column bars are provided.
Stirrups in the joint yielded prior to the beam yielding.
Severe slip can be seen in the hysteresis from 
approximately load run 17 onwards, suggesting bond slip, 
joint cracking or a combination of the two.
The joint is reported to have large cracks in the beam 
column joint and few in the columns and beams suggesting 
a joint failure.
The beams did not reach full calculated flexural capacity, 
however they did yield.  Thus the failure here is defined as 
the point where 80% of the theoretical shear strength is no 
longer maintained.
Appendix C: Joint Failures
C-168
Shiohara-BO2-2009
Test end
Shiohara 2009 B02
Comments
Elastic cycles
Joint yield
Load Run
1-10
11
26
17 Slip noticed, likely to be bond slip
19 Joint Failure with no beam yielding
Vcol(fb)
Vcol(yb)
Vcol(fb)
Vcol(yb)
Appendix C: Joint Failures
C-169
Shiohara-BO3-2009
Unit lc 1400 mm f'c 29 MPa
l'c 580 mm dbS 6 mm
lb 1400 mm hc 240 mm dbT 0 mm
l'b 580 mm wc 240 mm #legsS 2
hb 240 mm bj 240 mm #legsT 0
wb 240 mm SetsS 2
db5A 16 mm SetsT 0
db1 16 mm db5B 16 mm sS NA mm
db2 0 mm #5A 2 sT NA mm
#1 5 #5B 3 AshS 113 mm
2
#2 0 As5A 402 mm
2
AshT 0 mm
2
As1 1005 mm
2
As5B 603 mm
2
Ashp 113 mm
2
As2 0 mm
2
As5 1005 mm
2
SetseS 2
Astop 1005 mm
2
fy5A 425 MPa SetseT 0
fy1 425 MPa fy5B 425 MPa Ashpe 113 mm
2
fy2 0 MPa fy5 425 MPa fyS 399 MPa
fytop 425 MPa fyT 0 MPa
fu1 468 MPa db6 0 mm Vshp 45 kN
fu2 0 MPa db7 0 mm Vshpe 45 kN
futop 468 MPa db8 0 mm fyh 399 MPa
λ2top 1.10 db9 0 mm
#6 0 Theoretical (ub) Measured (M)
db3 0 mm
2
#7 0 αi
db4 16 mm
2
#8 0 0.2f'c MPa
#3 0 #9 0 Vjho 781 537 kN
#4 5 As6 0 mm
2
vjho 13.56 9.32 MPa
As3 0 mm
2
As7 0 mm
2
6vjho/f'c 2.81 1.93 >0.85
As4 1005 mm
2
As8 0 mm
2
vjho/f'c 0.47 0.32
Asbot 1005 mm
2
As9 0 mm
2
As mm
2
fy3 0 MPa Asint 0 mm
2
Ajh 4206 2891 mm
2
fy4 425 MPa fy6 0 MPa Vjh 1678 1154 kN
fybot 425 MPa fy7 0 MPa Vjh/Vjho 2.15 2.15
fu3 0 MPa fy8 0 MPa Vshp/Vjho 0.06 0.08
fu4 468 MPa fy9 0 MPa Vshpe/Vjho 0.06 0.08
fubot 468 MPa fyint 0 MPa Ashp/Ajh 0.03 0.04
λ2bot 1.10 Fint 0 kN Ashpe/Ajh 0.03 0.04
Fint/Vjv 0.000 Ajh<0.85 4206 2891 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 24 mm αv
d2 NA mm d5 24 mm Ajv NA NA mm
2
d3 NA mm d6 NA mm Ajvp/Ajv NA Na
d4 216 mm d7 NA mm
d1-2 24 mm d8 NA mm
d3-4 216 mm d9 NA mm
d10 216 mm
d'1 216 mm
d'2 NA mm N/Agf'c 0.000
d'3 NA mm N 0 kN
d'4 24 mm
d'1-2 216 mm
d'3-4 24 mm
Axial Stress
Column Bar Locations
From Edge of Column Face
1005
Positive Curvature
Negative Curvature
0.70
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.40
5.8
Top Bars
JointColumn
Beam
Shiohara 2009
B03
Appendix C: Joint Failures
C-170
Shiohara-BO3-2009
Mcol(yc) 81 kNm Max db 16.00 mm dbC mm
Mcol(fc) 84 kNm hc/db 15.00 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 427 427 470 NA kN #LegsD
T- 427 427 470 NA kN AVpC mm
2
Mb+ 81 84 92 62 kNm AVpD mm
2
Mb- 81 84 92 62 kNm sVC mm
Vb+ 140 144 159 106 kN sVD mm
Vb- 140 144 159 107 kN fytC MPa
Mcol 81 84 92 62 kNm fytD MPa
Mcol/Mcol(yc) 1.00 1.03 1.13 0.76 VspC/sVC kN/m
Vcol 140 144 159 107 kN Δmax 28 mm VspD/sVD kN/m
Vjh 714 710 781 537 kN Δy 15.7 mm Vsp/sV kN/m
Vshp/Vjh 0.06 0.06 0.06 0.08 Δy/lc 1.12 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.06 0.06 0.06 0.08 Max Crack NA mm Vb 159 107 kN
Vs
+
reqd 735 493 kN/m
Vs
-
reqd 735 493 kN/m
Vsreqd 735 493 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 0.61 0.92
3/4 Theoretical NA 11.6 0.0 1.13E-05 0.00E+00 0.8 0.8
Projected Yield NA 15.5 0.0 1.51E-05 0.00E+00 1.0 1.0
Max Shear 19 28.0 12.5 1.51E-05 1.00E-04 1.8 7.7 Comment Load Run
Failure/End 19 28.0 12.5 1.51E-05 1.00E-04 1.8 7.7 Yes 19
5.6
3/4 Theoretical NA -11.9 0 -1.13E-05 0.00E+00 0.8 0.8 1
Projected Yield NA -15.9 0.0 -1.51E-05 0.00E+00 1.0 1.0 None
Max Shear 20 -28.0 -12.1 -1.51E-05 -9.72E-05 1.8 7.5 NA
Failure/End 18 -20.7 -4.9 -1.51E-05 -3.89E-05 1.3 3.6 None
Unknown 17
Projected Yield NA 15.7 0.0 1.51E-05 0.00E+00 1.0 1.0 Shear 19
Failure/End 18-19 24.4 8.7 1.51E-05 6.97E-05 1.6 5.6
Adjusted Failure 18-19 24.4 8.7 1.51E-05 6.97E-05 1.6 5.6
Load Run θ Load Run θ
1 x 15 1/67 x = load controlled prior to cracking
2 x 16 1/67
3 1/400 17 1/67
4 1/400 18 1/67
5 1/400 19 1/50
6 1/400 20 1/50
7 1/200 21 1/50
8 1/200 22 1/50
9 1/200 23 1/33
10 1/200 24 1/33
11 1/100 25 1/33
12 1/100 26 1/33
13 1/100
14 1/100
Joint Stirrups Yield
1.15E-04
-1.12E-04
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-1.13E-05
Beam Failure Mode
Comments Loading Scenario
Failure Details
Bond Failure Location
Test Reached Failure
451
0
451
8.47E-05
8.47E-05
Averages
φ (mm
-1
)
-1.51E-05
-5.39E-05
1.51E-05
Column Shear-Sway Data
Positive Deflection
1.15E-04
1.13E-05
1.51E-05
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
2
NA
6
NA
50
NA
399
56.5
NA
The lever arm between tension and compression 
reinforcement is 0.8h in both the beams and the columns.
No intermediate column bars are provided.
Stirrups in the joint yielded prior to the beam yielding.
Severe slip can be seen in the hysteresis from 
approximately load run 17 onwards, suggesting bond slip, 
joint cracking or a combination of the two.
The joint is reported to have large cracks in the beam 
column joint and few in the columns and beams suggesting 
a joint failure.
The beams did not reach full calculated flexural capacity, 
however they did yield.  Thus the failure here is defined as 
the point where 80% of the theoretical shear strength is no 
longer maintained.
Appendix C: Joint Failures
C-171
Shiohara-BO3-2009
Test end
Shiohara 2009 B03
Comments
Elastic cycles
Joint yield
Load Run
1-10
11
26
17 Slip noticed, likely to be bond slip
19 Joint Failure with no beam yielding
Vcol(fb)
Vcol(yb)
Vcol(fb)
Vcol(yb)
Appendix C: Joint Failures
C-172
Zaid-S3-2001
Unit lc 1470 mm f'c 28 MPa
l'c 585 mm dbS 6 mm
lb 2700 mm hc 300 mm dbT 6 mm
l'b 1200 mm wc 300 mm #legsS 2
hb 300 mm bj 300 mm #legsT 2
wb 200 mm SetsS 4
db5A 19 mm SetsT 4
db1 16 mm db5B 19 mm sS 40 mm
db2 16 mm #5A 2 sT 40 mm
#1 3 #5B 2 AshS 226 mm
2
#2 2 As5A 567 mm
2
AshT 226 mm
2
As1 603 mm
2
As5B 567 mm
2
Ashp 452 mm
2
As2 402 mm
2
As5 1134 mm
2
SetseS 3.96
Astop 1005 mm
2
fy5A 450 MPa SetseT 3.96
fy1 470 MPa fy5B 450 MPa Ashpe 448 mm
2
fy2 470 MPa fy5 450 MPa fyS 390 MPa
fytop 470 MPa fyT 390 MPa
fu1 588 MPa db6 19 mm Vshp 176 kN
fu2 588 MPa db7 19 mm Vshpe 175 kN
futop 588 MPa db8 0 mm fyh 390 MPa
λ2top 1.25 db9 0 mm
#6 2 Theoretical (ub) Measured (M)
db3 16 mm
2
#7 2 αi
db4 16 mm
2
#8 0 0.2f'c MPa
#3 2 #9 0 Vjho 982 768 kN
#4 3 As6 567 mm
2
vjho 10.91 8.53 MPa
As3 402 mm
2
As7 567 mm
2
6vjho/f'c 2.34 1.83 >0.85
As4 603 mm
2
As8 0 mm
2
vjho/f'c 0.39 0.30
Asbot 1005 mm
2
As9 0 mm
2
As mm
2
fy3 470 MPa Asint 1134 mm
2
Ajh 3785 2960 mm
2
fy4 470 MPa fy6 450 MPa Vjh 1476 1154 kN
fybot 470 MPa fy7 450 MPa Vjh/Vjho 1.50 1.50
fu3 588 MPa fy8 0 MPa Vshp/Vjho 0.18 0.23
fu4 588 MPa fy9 0 MPa Vshpe/Vjho 0.18 0.23
fubot 588 MPa fyint 450 MPa Ashp/Ajh 0.12 0.15
λ2bot 1.25 Fint 510 kN Ashpe/Ajh 0.12 0.15
Fint/Vjv 0.520 Ajh<0.85 3785 2960 mm
2
Ajh<0.85/Ajh 1.00 1.00
d1 35 mm αv
d2 70 mm d5 35 mm Ajv 2209 1727 mm
2
d3 230 mm d6 112 mm Ajvp/Ajv 0.51 0.66
d4 265 mm d7 189 mm
d1-2 49 mm d8 NA mm
d3-4 251 mm d9 NA mm
d10 265 mm
d'1 265 mm
d'2 230 mm N/Agf'c 0.040
d'3 70 mm N 100 kN
d'4 35 mm
d'1-2 251 mm
d'3-4 49 mm
JointColumnZaid 2001
S3
Beam
Positive Curvature
Negative Curvature
0.67
End Bars
Intermediate Bars
Beam Bar Locations
Bottom Bars
NZS 3101 Joint Steel Requirements
1.34
5.6
Top Bars
Axial Stress
Column Bar Locations
From Edge of Column Face
1005
Appendix C: Joint Failures
C-173
Zaid-S3-2001
Mcol(yc) 149 kNm Max db 16.00 mm dbC mm
Mcol(fc) 176 kNm hc/db 18.75 dbD mm
(yb) (fb) (o) (M) #LegsC
T+ 433 472 591 NA kN #LegsD
T- 433 472 591 NA kN AVpC mm
2
Mb+ 94 104 130 92 kNm AVpD mm
2
Mb- 94 104 130 92 kNm sVC mm
Vb+ 78 87 109 76 kN sVD mm
Vb- 78 87 109 76 kN fytC MPa
Mcol 84 93 117 82 kNm fytD MPa
Mcol/Mcol(yc) 0.56 0.63 0.78 0.55 VspC/sVC kN/m
Vcol 143 160 199 140 kN Δmax 30 mm VspD/sVD kN/m
Vjh 724 785 982 768 kN Δy 16.5 mm Vsp/sV kN/m
Vshp/Vjh 0.24 0.22 0.18 0.23 Δy/lc 1.12 % Theoretical (o) Measured (M)
Vshpe/Vjh 0.24 0.22 0.18 0.23 Max Crack NA mm Vb 109 76 kN
Vs
+
reqd 432 305 kN/m
Vs
-
reqd 432 305 kN/m
Vsreqd 432 305 kN/m
Load Run Δ (mm) Δp (mm) φe (mm
-1
) φp (mm
-1
) μΔ μφ Vsp/Vsreqd 1.53 2.17
First Cycle 1 4.3 0.0 3.26E-06 0.00E+00 0.2 0.2
Projected Yield 1 17.5 0.0 1.33E-05 0.00E+00 1.0 1.0
Max 21 30.2 12.7 1.33E-05 6.91E-05 1.7 6.2 Comment Load Run
Failure/End 21 30.2 12.7 1.33E-05 6.91E-05 1.7 6.2 Yes 22
NA
First Cycle 2 -2.9 0 -2.46E-06 0.00E+00 0.2 0.2 2
Projected Yield 2 -15.4 0.0 -1.33E-05 0.00E+00 1.0 1.0 None
Max 22 -29.5 -14.1 -1.33E-05 -7.67E-05 1.9 6.8 NA
Failure/End 22 -29.5 -14.1 -1.33E-05 -7.67E-05 1.9 6.8 None
None
Projected Yield 1-2 16.5 0.0 1.33E-05 0.00E+00 1.0 1.0 Shear 22
Failure/End 21-22 29.9 13.4 1.33E-05 7.29E-05 1.8 6.5
Adjusted Failure 21-22 31.3 14.9 1.33E-05 8.10E-05 1.9 7.1
Load Run θ Load Run θ
Actions From Measured Properties Bar Diameter/ Anchorage
Measured Drift
Shear Reinforcement in Beam Ductile Region
NA
3
NA
6
NA
50
NA
390
84.8
NA
Column Shear-Sway Data
Positive Deflection
8.24E-05
3.26E-06
1.33E-05
8.62E-05
9.44E-05
Averages
φ (mm
-1
)
-1.33E-05
-9.01E-05
1.33E-05
Failure Details
Bond Failure Location
Test Reached Failure
662
0
662
Joint Stirrups Yield
8.24E-05
-9.01E-05
# Times Reached Maximum Ductility
Negative Deflection
Column Bar Yield
Adjusted Maximum Curvature
Joint Failure Mode
-2.46E-06
Beam Failure Mode
Comments Loading Scenario
Designed to fail in joint shear prior to beam yield.
Failure due to shear failure of joint with bond slip evident 
in load cycles past the maximum joint shear.
Appendix C: Joint Failures
C-174
Zaid-S3-2001
34
24 Bond slip due to shear failure
Test end
Zaid 2001 S3
Comments
Max joint force/"failure"
Load Run
22
Vcol(fb)
Vcol(fb)
Appendix C: Joint Failures
C-175
